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Intrinsic point defects play a vital role in regulating the electronic structure and electron carrier concentration
(no) of Bi;M0OQg, which has been demonstrated as a promising photocatalyst. Unfortunately, the source of n-type
conductivity for its intrinsic defects has proved challenging. Using first-principles hybrid density functional
calculations, we investigate the formation energies and electronic structure of intrinsic point defects in Bi,Mo0Og.
The self-consistent Fermi energies and equilibrium carrier and defect concentrations are calculated using the
SC-FERMI code based on thermodynamic simulation. It is found that the easy formation of the 42 charged O
vacancy (V§+) is responsible for its intrinsic n-type conductivity under Bi-rich/O-poor conditions, and thus, it can
have a very high density (reaching up to 10" cm~3), making it the dominant defect in Bi,;MoOg. Under O-rich
conditions, only adopting both D* doping and quenching methods in Bi;MoOg can reach a higher carrier density
(>10" cm™3). Moreover, under the broad range of chemical potentials of —2.50eV < Aug; <0, —6.32eV
< Aupmo < —1.48eV, and —2.19eV < Aug < —0.65¢eV, after quenching from 700 to 300 K, Bi;MoOg can
be effectively donor doped without significant compensation, and n, increases as Ao decreases or temperature
increases. Our results can give a guide in selecting optimum growth and quenching conditions to achieve high

Intrinsic point defects and the n-type dopability of Bi;MoOg with higher photocatalytic

3,%

n-type doping and suppress compensation.
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I. INTRODUCTION

Bismuth molybdates are well-known photocatalysts. They
have the general chemical formula Bi,O3; - nMoQOj3 and are
divided into three types: @-Bi,Mo03;0;,, B8-Bi;Mo0,0g, and
y-Bi,MoOQg, with n values of 3, 2, and 1, respectively [1],
in which the y-Bi;MoQOg (Bi;MoQOg) belongs to the or-
thorhombic phase with the Pca2; space group. It has been
primarily studied in photocatalysis [2]. This is due to the fact
that Bi;MoOg possesses several benefits, including chemi-
cal inertness, nontoxicity, and ideal conduction band/valence
band (VB) edge orientations for visible light photocatalysis
[3,4]. Furthermore, Bi,M0QOg has been active and selective
in heterogeneous catalysis and has an excellent performance
in water splitting [5] and photodegradation of numerous
hardly biodegradable organic pollutants [6]. However, pure
Bi;MoOg, on the other hand, has low efficiency in sepa-
rating electrons and holes and a low quantum yield, all of
which lead to its low photocatalytic activity [4]. Therefore,
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the modification of Bi;MoOg to enhance its photocatalytic
activity is still challenging.

Recently, doping with metals [7] or nonmetals [8], in-
ducing crystal defects [9], and developing heterojunction
structures [10] have all been attempted to address the difficul-
ties stated above. Among them, experimentally, introducing
intrinsic defects (such as O, Bi, and Mo vacancies; Bi, Mo,
and O interstitial; and Bi at the Mo site and Mo at the Bi
site) into Bi;MoOg is an efficient strategy for improving its
photocatalytic efficiency [9,11-13]. For example, Huang et al.
[11] have successfully introduced oxygen vacancy defects
into Bi;MoOg through a facile and fast microwave-assisted
method. They found that Bi,MoQOg with oxygen vacancies ex-
hibited optimum photocatalytic activity, and the degradation
rate of tetracycline was 7.0 times higher than that of pure
Bi;MoOg. This is because oxygen vacancies can create more
active sites and enhance electron-hole separation. Moreover,
Bi,MoOg¢ with oxygen vacancy defects is widely used in CO,
photoreduction [12,14], photocatalytic NO removal [15,16],
and photocatalytic degradation of organic pollutants [17,18].
For Bi defects in Bi;MoOg, Zhang et al. [9] found that the
strong interaction between Bi interstitial (Bi®) and Bi;MoOg
can promote electron transfer. The photogenerated holes
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concentrated on Bi,MoOQg rapidly converted surface adsorbed
water into highly oxidizing - OH and directly reacted with
pollutants. It remains unclear, however, what the nature of
these promoting effects is exactly. There is still a great deal of
work to fully understand the photocatalytic activity induced
by the intrinsic defects of Bi;MoOg.

On the other hand, the intrinsic defects of Bi,MoQO¢ have
been studied theoretically [13,19,20]. For example, density
functional theory (DFT) calculation results show that the Bi
antisite (at the Mo site) defect in Bi;,MoOg could enhance
electron excitation, promoting electron-hole separation and
transmission [13], in which the generalized gradient approx-
imation (GGA) exchange-correlation function as described
by Perdew-Burke-Ernzerhof (PBE) is used. Using the same
method (GGA-PBE), Di et al. [20] found that Bi and O va-
cancies codoped can tune the local geometric and electronic
structure of Bi,MoOg. It serves as a charge separation center
to boost electron-hole separation. In a recent work, Jing et al.
[19] more systematically calculated the electronic structure
and related photocatalytic properties of various native de-
fects using the GGA-PBE method. However, the GGA-PBE
method yielded significantly underestimated band gaps, i.e.,
2.18 eV, compared with the experimental value of 2.53 eV [2].
Hence, quantitatively more reliable calculations are required.
Moreover, the formation energies and, thus, the equilibrium
concentrations of the defects depend on chemical conditions
such as temperature and oxygen partial pressure, which were
not considered in the previous studies [21]. All researchers
mentioned above on intrinsic defects in Bi;MoQOg only con-
sider the neutral state and its corresponding photocatalytic
properties. Moreover, how intrinsic defects respond to and
compensate for the existence of extrinsically ionized impu-
rities, such as donors and acceptors in Bi;MoOg, is still open.
Thus, it is necessary to gain a comprehensive understanding
of its intrinsic defect properties to advance the further appli-
cation of Bi,MoOQg.

In this paper, we calculate the formation energies and elec-
tronic structure of intrinsic point defects in Bi;MoOg using
first-principles hybrid density functional calculations. Under
Bi-rich/O-poor conditions, our results show that the easy
formation of V(%Jr is responsible for its intrinsic n-type con-
ductivity. Here, Vé* has no impurity energy band in the gap
region without a recombination center of electrons and holes.
Also, ng is >10' cm™3 with the D* doping and quenching
strategy in the air environment by calculating self-consistent
Fermi energies and equilibrium carrier and defect concen-
trations. Bi,MoOg can be effectively donor doped without
significant compensation by intrinsic point defect formation
after quenching from 700 to 300 K, under the ranges of
—2.50eV < Aug; < 0,—6.32eV < Aupmo < —1.48¢V, and
—2.19eV < Aup < —0.65eV, which agrees well with ex-
periments. The formation of compensating acceptor defects
can be inhibited by choosing oxygen-poor (Bi-rich) growth
conditions and after quenching, thus providing a pathway for
improved n-type doping.

II. COMPUTATIONAL DETAILS

First-principles calculations based on the DFT are per-
formed using the projector-augmented wave (PAW) [22]

method implemented in the Vienna Ab initio Simulation Pack-
age [23,24]. The Kohn-Sham one-electron states are expanded
using the plane-wave basis set with a kinetic energy cutoff of
550 eV. The PBE exchange-correlation functional within the
GGA is employed for the geometrical optimization. To correct
the underestimated band gap based on the PBE method, the
screened hybrid functional of Heyd, Scuseria, and Ernzerhof
(HSE) [25] is used to describe electronic structure accurately.
The band gap of pristine Bi,MoOg is tested by adjusting the
Hartree-Fock mixing parameter from 0.12 to 0.25. It is found
that, when « = 0.15, the calculated band gap of Bi,MoOg is
2.635 eV, like its experimental value of 2.53 eV [2]. The PAW
potentials with the valence electrons 6s> 6p* for Bi, 4d° 5s'
for Mo, and 2s? 2p® for O have been employed.

We adopted experimental [26,27] lattice constants a =
5.482A,b=16.199 A, ¢ = 5.509 A, and the atomic positions
employed as the starting points of the partial relaxation of
all ionic positions while keeping the shape-volume fixed in
defecs calculations [28-30]. Our defect calculations are per-
formed in a 144-atom (containing 96 O, 32 Bi, and 16 Mo
atoms) 2 x 1 x 2 supercell. The I"'-centered Monkhorst-Pack
meshes [31] of k-points used for Brillouin zone sampling
are 6 x 2 x 6 for pure Bi;MoOg unit cell calculation and
3 x 2 x 3 for the intrinsic defects. It is sufficient to reach
convergence for geometry optimization and electronic prop-
erty calculations. Total energy changes are reduced to <1 x
107%eV per atom, and structures are relaxed until all residual
forces are <0.03 eV /A. For all calculations, spin polarization
is considered.

The formation energy of the defect X in charge state g is
defined as [32]

Ep(X7) = Eo(X?) — Eqor(bulk) — Xin;pu;
+ qlEr + E, + AVyp] + Ecor- @))]

In the formula, at first, g is the total charge of the defect;
Eo(X7) is the total energy of the Bi,MoQOg with the X defect
charge state of g in the supercell; Ey(bulk) is the total energy
of the pristine Bi,MoOg supercell; ; is the chemical potential
of chemical species i(i = Bi, Mo, O); n; denotes the num-
ber of atoms of species i with chemical potential u;, which
have been added to (n; > 0) or removed from (n; < 0) the
supercell when forming the defect; and Ef is the Fermi level
referenced to the VB maximum (VBM) in pure Bi;MoOg,
varying between O and the band gap E,. In this paper, E, =
2.635(2.183) eV resulting from the HSE (PBE) calculations,
E, is the supercell energy difference between the pure host
(g = 0) and the host with one hole (¢ = +1) in the VB in the
dilute hole gas limit [33], and AV, is another correction for
the average electrostatic potential alignment of 1s core energy
level of O atoms between the supercells with and without a
defect [34].

Regarding charge-image interaction, the total energies of
charged defects are inaccurate under a finite cell size, con-
flicting with the periodical boundary conditions used in DFT
calculations [33,35,36]. Given by Lany and Zunger [32,33],
the image-charge correction term E¢,, to account for super-
cell errors is written as

2

Eur = [1 + /11 2
corr — +f28_L’ ()
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where g is the total charge of a defect defined as before, f isa
shape factor related to the supercell geometries [32], « is the
Madelung constant, and ¢ is the static dielectric constant of
the pristine bulk. In this paper, the average static dielectric
constant in three lattice directions is 34.59, calculated by
density functional perturbation theory, which agrees with the
experimental value of 31 [37,38], and L is the linear dimension
of the supercell (L = V!/3, Vis the volume of the supercell).

The charge-state transition levels between ¢; and g, of
point defects can be derived from the calculated formation
energies, which can also be defined as [39—41]

£<ﬂ> _ Ef(qu) _ Ef(X‘h)
q2 92 — 41

. 3)

From Eq. (1), we can see €(g/¢>) corresponds to the Fermi
level at which the formation energy of defects in charged state
q. is equal to that in charged state g».

In the synthesis process, the chemical potentials of Bi, Mo,
and O in Bi;MoOg are not arbitrary but subject to thermo-
dynamic constraints, which can be used to represent actual
experimental conditions. Under thermal equilibrium growth
conditions, it should be satisfied with the following equation
for pure Bi;MoOg:

2uBi + Umo + 610 = UBi,MoO, > “4)

where ug;i, Mo, and o represent the chemical potentials of
Bi, Mo, and O atoms, respectively; and gi,mo0, 1S the chem-
ical potential of Bi,MoOg. The total energy of the Bi;MoOg
(EBi,Mo0, ) per formula unit could be expressed as

Egi,Mo0, = 2EB; + Emo + 6E0 + AH(Bi;MoOg),  (5)

where AH¢(Bi;MoOg) is the formation enthalpy of Bi;M0Os,
Eg; is a reference to the energy of a Bi atom in trigonal Bi
metal, Ey, refers to the energy of a Mo atom in cubic Mo
metal, and Eg is a reference to half of the total energy of an
isolated O, molecule.

Under thermal equilibrium growth, wgi,mo0, = EBi,Mo0,-
That is,

2Eg; + Emo + 6Eo + AHp(Bi;MoOg) =2ug; + umo + 6140-

(6)
Thus,
AH;(Bi;MoOg)
= 2(usi — Egi) + (Mo — Emo) + 6(t0 — Eo)
= 2Aupi + Apy + 6Apo0, (7

where  Aup; = (ui — Egi),  Aumo = (Mo — Emo), and
Apo = (Lo — Eg) are defined as the changes of the
chemical potentials from their corresponding elemental
phase (bulk/gaseous) to the compound phase, respectively,
depending on the growth environment.

To prevent the formation of bulk Bi and Mo as well as loss
of O, the restrictions of the chemical potentials should be
Apo < 0. ®)

Augi <0, Apmo <0,

TABLE 1. Calculated energy of formation per formula unit of
Bi;MoOg and the possible competing phases by PBE and HSE
calculations. Experimental values are provided for comparison
(unit: eV).

PBE HSE Experiment
AH¢(Bi,MoOg) —15.04 —14.60 —16.83 [27]
AH;(MoO,) —-5.91 —5.86 —6.465 [42]
AH;(MoOs3) —7.84 —7.73 —8.876 [43]
AH;(Bi,03) —6.20 —5.87 —7.37 [44]

Moreover, to avoid the formation of the dual competing
phases during the growth processing of Bi;MoOg, it is also
required that

Apno +2A 10 < AHF(M00,), &)
AMMO + 3A,LLO < AHf(MOOg,), (10)
2AMBi + 3A,LLO < AHf(Bi203). (11)

For each formula unit, the PBE and HSE calculated for-
mation energy of MoO,;, MoO3, Bi,0O3, and Bi;MoOg are
shown in Table I compared with the available experimental
values. It is found that the results of PBE and HSE calculations
are basically the same for formation energy and in excellent
agreement with the experimental ones. The experimental crys-
tal constants in Table II are used, starting for all the PBE and
HSE calculations.

Equations (4)—(8) define the chemical potential in the
tetrahedron with three vertices determined by Apuwmo,
Apgi, and Apg, and the origin of coordinates indi-
cates that Mo, Bi, and O are all rich. Vertex Xysg
(Ausi, Apmo, Apo) = (=7.30, 0, 0) eV means Mo/O is
rich and Bi is poor. Vertex Ypsg (Ausi, Amo, Alo) =
(0, —14.60, 0) eV means Bi/O is rich and Mo is poor. Ver-
tex Zusg (Augi, Atimo, Apo) = (0, 0, —2.43)eV means
Mo/Bi is rich and O is poor. For the sake of intuition, the
tetrahedron is projected on the Ao, Augi two-dimensional
plane, and the projection is a triangle, shown in Fig. 1 for HSE
calculations. In the triangle, the origin (0, 0) means that both
Bi and Mo are rich; Ao = AHp(BioMo0Og)/6 = —2.43€V;
that is, O is poor. Point Xysg (—7.30, 0) means Bi is poor,
and Mo/O is rich. Point Yysg (0, —14.60) means Mo is poor
and O/Bi is rich. The point on the hypotenuse XpysgYHuse
means Auo = 0; in other words, O is rich. Each line segment
parallel to the hypotenuse represents that Aug is equal to a
constant, which keeps decreasing from the hypotenuse of the
triangle to the origin. We consider some representative points
with coordinates (Augi, Atmo, Apo) in units of eV, Agsg
(—3.44, —7.73, 0), Gysg (—0.63, —2.11, —1.87), Dysg (0,
—1.48, —2.19), Fysg (0, —2.86, —1.96), Eysg (—2.94, —8.73,
0), marked on Fig. 1. A similar result by PBE functional is
shown in the Supplemental Material (Fig. S1) [48]. Compar-
ing Figs. 1 and S1 in the Supplemental Material [48], we find
that the PBE and HSE results have almost the same stable
regions for Bi,MoQOg. Our PBE results are consistent with the
previous theoretical research performed by Jing et al. [19].
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TABLE II. Experimental lattice constants are provided for comparison with the PBE and HSE energy calculations. The lattice values of a,

b, and ¢ of each material are in A.

k-points Space group Experimental lattice constants
Mo 10 x 10 x 10 Im —3m a=b=c=3.16a = =y =90° [45]
MoO, 6x6x6 P21/c a=15.61,b=4386,c=15.63;
a =y =120.95°, 8 = 90° [46]
MoO; 2x9x8 Pnma a =13.86,b =3.70, c = 3.96;
a=p=y =90°[47]
Bi,0; 7Tx3x4 P21/c a=5.85>b=28.16,c=11.17;

a =y =120.95, f = 90° [44]

III. RESULTS AND DISCUSSION

A. Formation energy of intrinsic defects

We have explored eight intrinsic point defects in the
Bi,MoOg lattice: Vp; (Bi vacancy), Vv, (Mo vacancy), Vo (O
vacancy), Ig; (interstitial Bi), Iy, (interstitial Mo), I (inter-
stitial O), Biy, (Bi replacing Mo), and Mog; (Mo replacing
Bi). The formation energies of charge states for each defect as
a function of the Fermi level referenced to VBM are shown
in Fig. 2 for the HSE functional under different chemical
potentials (see Supplemental Material [48], Fig. S2 for PBE).
From the conventional point of view, without considering the
thermal activations of impurity level and band edge, the Fermi
level is pinned at the intersection of the formation energy

Xyyse( -7.30, 0) Aug;

Bi poor, Mo/O rich ~ 0 (0,0)
00 poor, Bi/Mo rich

By (0, -0.85, 2,29 )

Dy (0,-1.48,-2.19)
-2
Fysi(0, -2.86,-1.96 )

-4

MoO,

Cyys(-4.37,-5.86, 0 )

Iy HSE('2

A

‘AHSF

(-3.44,-7.73,0)

Eysp(-2.94, -8.73,0)

Yys(0, -14.60)
Mo poor, Bi/O rich

FIG. 1. The accessible range of chemical potentials (orange
region, unit: eV) for equilibrium growth conditions of Bi,MoOg
calculated by HSE functional. The points AHSE, DHSE, EHSEa FHSEa
Nysk, and Gysg, as well as the dash-dotted line along AysgNysgDusk.
are chosen as the representative chemical potentials for the following
calculations. The vertical and horizontal purple dash-dotted lines are
used to determine the moderate point Nygg.

lines of the lowest acceptor and donor [49,50]. Our results
are shown by the red dashed line in Fig. 2. It is noted that, if
the pinned Fermi level is above midgap, the material exhibits
n-type conductivity. The closer the pinned Fermi level is to
the conduction band minimum (CBM), the higher the electron
density is [49]. In Fig. 2, for all the chemical conditions (Agsg,
Dusk, Eusk, Fuse, Nusg, and Gysg), the Fermi level is pinned
within the n-type region, which agrees with the experimental
results [51]. So do the results of PBE (see Supplemental Ma-
terial [48], Fig. S2) calculations except for E-point chemical
conditions. Under E-point conditions, the Fermi level pinning
in the p-type region has never been reported by the present ex-
periments, partly showing the unreliability of the PBE method
in the Bi,MoOg system.

At the O-rich point Apgsg, the lowest-energy defect is
Moj! for Er < 1.5 eV and Vi~ for Ep > 1.8 eV, with V3"
having the lowest energy for Er between these ranges. When
thermal excitation is not considered, the Fermi level is pinned
by Vg’i’ and Vg* to be at ~0.8 eV below the CBM. One would
expect Ep to remain trapped roughly midgap, resulting in an
intrinsically insulating material [52]. From Aysg to Epsg, with
Apg; increasing and Ay, decreasing, the formation energy
of the antisite defect Biyy, decreased, but that of Mog; and
Bi,, increased, while that of V5 remained almost unchanged.
Thus, the Fermi level is pinned most nearly at the midgap by
Billvl_0 and Vg*’ with the lowest formation energies, indicating
the occurrence of the most typical self-compensation. As a
result, under O-rich conditions (Agsg and Egysg), the Fermi
pinning near midgap and self-compensation between donors
and acceptors would limit its n-type conductivity [53]. This
implied that such extreme O-rich growth conditions should
be avoided.

At the Bi-rich point Dysg, the Fermi level is pinned to be at
~0.3 eV below the CBM by the favorable acceptor Vé’i_ and
donor If,fo, showing typical n-type conductivity. Nevertheless,
the donor defects Mog; and Vp had the lowest energy for
Er > 1.5 eV, showing that they are easier to form. With Aug
increasing and Ay, decreasing from Dysg to Fysg, the for-
mation energy of the antisite defect Biy, shifted downward,
lower than that of Vp;, while that of Mog; shifted upward.
Thus, the Fermi level is pinned to be at ~0.1 eV below the
CBM by the favorable acceptor Biy, and donor MoZ', in
which the Fermi pinning is closest to the CBM, making strong
n-type conductivity and a higher electron concentration [49].
At the same time, the donor defect Vg has the lowest energy
when the Fermi level is close to the CBM, suggesting its easy
forming. Overall, our results implied that, to obtain excellent
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10 15
Lo s
10 = v
o Vs -1 <
-3
5 =
- I 0 I, 13 +3+2|
- 1 +5
0 B Vo +2 3 2
|
5 g Moyg; :
Mo 1
4l i i
-10 N R P PR P |

ORI (o3t R TEEERIR OR A o 1 00 8 MO O S VR i T W it
(©) Eygp(AnppAby,Alo)=(-2.94, -8.73, 0)  (d) Fygp(Apg;Apy,,Ang)=(0, -2.86, -1.96)
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" (€) Nyyge(AlpAly o Alg)=(-2.10,-6.20,-0.70) () G pygp(AtgAtiy,»Allg)=(-0.64, -2.12, -1.87)
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Fermi Level (eV) Fermi Level (eV)

FIG. 2. The formation energies (derived from HSE calculation) of intrinsic defects in Bi;MoQOg plotted as a function of the Fermi level
with respect to the valence band maximum (VBM) under Ausg, Duse, Ense, Fuse, Nusg, and Gusg chemical potential conditions. Each defect
corresponds to a polygonal line formed only by the segments associated with the lowest-energy charge states, in which the kinks connecting
different segments indicate the transition levels. The slope of each segment is denoted by the number on them, displaying the charge state. The
different parallel line segments between different defects imply the same charge state. The Fermi-level pinning is indicated by red dash-dotted
lines. The light green cylindrical zone (LGCZ) represents the ranges of the self-consistent Fermi levels as a function of temperature 7 from 20
to 900 K.

n-type conductivity, Bi,MoQOg should be synthesized under B. Self-consistent Fermi energy, equilibrium carrier
Bi-rich/O-poor conditions. and defect concentrations

Moreover, at the moderate point Nygg, the Fermi level is
pinned by Vg’i_ and Vé*’. At point Gysg, the Fermi level is
pinned by Vi~ and I, but for Er > 1.5 eV, the lowest-
energy defects are Vo and Mog;, indicating they are easier
to form.

1. The temperature effect

To more quantitatively investigate the defect properties
under certain temperatures, we calculate the self-consistent
Fermi level (Ef), equilibrium electron carrier concentrations
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FIG. 3. The self-consistent Fermi energy (Er, red dash-dotted line, right axis), ny, and mainly each charged defect concentration (color
solid lines, left axis) as a function of temperature from 20 to 900 K for the intrinsic defect in Bi;MoOg under different chemical potential
conditions of (a) Agsg, (b) Dusg, (¢) Exsg, (d) Fusg, (€) Nusg, and (f) Gysg derived from HSE calculations.

(n9), and defect concentrations (denoted as [X....,]) as a func-
tion of T under different chemical potential conditions with
the dilute defect approximation in Bi;MoQOg. The results are
shown in Fig. 3 for each charged defect by HSE using the code
SC-FERMI [52,54] under charge neutrality conditions (Supple-
mental Material [48], Note S1). Following Refs. [52,54] for
simplification, we have assumed the defect formation ener-
gies, unit cell parameters, the total density of states, and band
gap of pure Bi;MoOg do not change with T.

As shown in Fig. 3, with the temperature from 20 to 900 K,
Er by HSE is 1.659-1.776 eV (Apsg), 2.389-2.509 eV
(DHSE)’ 1.623-1.685 eV (EHSE)» 2.312-2.429 eV (FHSE)s
1.893-2.009 eV (Nysg), and 2.314-2.434 eV (Gysg), increas-
ing with thermal excitation [50]. They have been added in
Fig. 2 with a light green cylindrical zone (LGCZ), which

agrees with the previous study [52]. There is some dis-
crepancy between the self-consistent Er and the traditional
Fermi level pinning (red dash-dotted lines in Fig. 2). It is
derived from the thermal excitations (electrons/holes from
CBM/VBM and defect energy level) at finite temperature
[50]. It is well known that the Fermi energy position often
varies with temperature as well as dopant concentration. We
noted that, under the charge-neutral condition, considering the
overall effect of all defects and thermal excitation at a specific
temperature, Er naturally has a more realistic prediction effect
than the Fermi pinning. This is because most of the Fermi
pinning only considers the lowest-energy donor and acceptor,
which formation energy lines only intersect in the band gap.
At the same time, only when there are no defects with lower
energy than the two intersecting defects presenting can the
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calculated Er and the Fermi pinning be approximately coinci-
dent. Only then the Fermi pinning will play a leading role in
the analysis of material conductivity, which will be seen in the
following.

Meanwhile, as seen in Fig. 3, we found that the order of
charged defect concentration from high to low is consistent
with the order of defect formation energy from low to high in
the LGCZ (Fig. 2) instead of the whole band gap from VBM
to CBM, according to Eq. (1) and the Supplemental Material
[48], Egs. (S3) and (S4). The defect with the lowest formation
energy in the LGCZ has the highest concentration. Thus, the
influence of Er on formation energy and even concentration
of defects is more complex than the linear relationship in
Eq. (1) after considering the temperature effect [50]. Using
the specific positions of Fermi energy levels in the formation
energy vs Fermi level diagram (Fig. 2), which is determined
by temperature, doping concentration, chemical potentials,
and so on, one can infer the concentration relationship of these
intrinsic defects.

Under O-rich conditions, at point Aysg, as shown in
Fig. 3(a), EF is close to midgap. Here, ny (equal to 2[V§+]) is
lower than 10'® cm~3, mainly from the secondary ionization
of Vo. The highest concentration of VS* is derived from its
lowest formation energy in the LGCZ of the Ef [Fig. 2(a)]. At
point Eysg [Fig. 3(c)], the typical self-compensation between
Biy,, and V3™ takes place, so [Biy,]= 2[V3T] always holds,
resulting in the lower carrier density (np < 10" cm~3) with
Er close to midgap. Obviously, g is too low (< 10'7 cm™3) to
be used for successful photocatalytic materials under O-rich
growth conditions [55]. This suggests that O-rich growth con-
ditions should be avoided or further modified, which agrees
with our previous analysis of formation energy vs Fermi level
[Figs. 2(a) and 2(c)].

Under Bi-rich conditions (Dysg and Fysg in Fig. 3), as Ep
is closer to the CBM, Bi;MoQOg behaves as a strong n-type
with ny > 102 cm~3 at T ~ 700 K. The source of ny comes
from the secondary ionization of Vo, so ng = 2[Vé+] holds.
The dominant defect Vé* has the highest concentration with
the lowest formation energy in the LGCZ [Figs. 2(b) and
2(d)], which is compensated by ny (to maintain charge neu-
trality) with no significant intrinsic compensation. Therefore,
V5+ is the dominant defect. However, this defect might act
either as an active defect site to enhance the photocatalytic
activity further or as a recombination center for electron-hole
pairs to harm its photocatalytic properties (see Supplemental
Material [48], Note S2). To address these issues, we calculated
the spin-polarized density of the states (DOS) for Vé* by HSE
(see Supplemental Material [48], Fig. S3(d)). Our results show
no impurity energy band in the gap region without the recom-
bination center of electrons and holes, which is consistent with
the previous PBE functional calculations [19]. Moreover, the
band gap of V§+ is decreased, improving its capacity for light
absorption. With the increase of T, the increasing n leadd
to improved photocatalytic properties, which can be used to
explain that the photocatalytic efficiency for tetracycline by
Bi;MoOg calcined at 450° C is 17% higher than that of pris-
tine Bi,MoOQg after 150 min light irradiation [17]. As shown
in the LGCZ of Er in Figs. 2(b) and 2(d), the formation
energies of Mo3, Mo3!, and V' (not shown) are ~0.02 eV
in Fig. 2(b) and ~0.15 eV in Fig. 2(d) higher than that of V2T,

respectively. However, [Mog], [Mo3'1, and [V 1] are at least
one order of magnitude in Fig. 3(b) and 3-7 orders of magni-
tude in Fig. 3(d) smaller than [Vé’L], respectively, which have
often been omitted. The reason is the exponential relation-
ship between defect concentration and its formation energy
(Supplemental Material [48], Eq. (S3)). Therefore, the higher
carrier concentration and excellent electronic properties of
Bi;MoOg can be obtained under Bi-rich/O-poor conditions.
At the moderate point Npsg [Fig. 3(e)l, 2[V3™]=no
always holds without the obvious appearance of other in-
trinsic defects, but ny is <107 cm™3. At Gysg, the most
favorable charged defects are Moz, Mog!, and V3 shown
in Fig. 3(f) almost having similar formation energies in
the LGCZ of Fig. 2(f). The charge neutrality condition of
2[Mozf 1+ 3[Mogi 1+ 2[VZ"] = ng always holds, indicating
that the donors of Mog!, Moy!, and V3" coexist in equal
order of magnitude and are compensated predominantly by
electron carriers >10'” cm™3 with strong n-type conductivity.
The electronic properties of Mo%*i' are as good as that of Vg*’
(shown in the Supplemental Material [48], Fig. S3(j) by HSE).
However, the DOS of Molz;ir has an occupied deep level in
the gap at ~1.2 eV above the VBM, shown in the Supple-
mental Material [48], Fig. S3(i) by HSE. This deep defect
level can act as a recombination center of holes and electrons,
which harms its photocatalytic properties. Correspondingly,
as shown in the Supplemental Material [48], Fig. S4(e), the
wave function of MozBJir is only distributed around the Mo atom
substituting for Bi, showing a localized feature. Therefore,
although ng is higher (>10'" cm™3) at the Gysg point, the
Moé*i' defects can serve as recombination centers of holes and
electrons with large concentrations; thus, the photocatalytic
performance of Bi;MoOg cannot be well improved.

2. The chemical potentials along Aysg Ensg

To further comprehensively understand the detailed
changes of intrinsic defect concentration and compensation
relationship with chemical potentials, Eg, ng, and the dom-
inant defects concentration with mainly charged states as
a function of chemical potentials along Apsg Epsg and
ApseNpuse Dusg (Fig. 1) at a given thermodynamic equilib-
rium temperature and after quenching are investigated. We set
the solid-state synthesized temperature of 700 K [56,57] of
Bi,Mo0Og as the growth temperature, and then it is quenched
to a working temperature (300 K). We assume that the total
concentration of each intrinsic defect is unchanged over all
possible valences generated at high temperatures. In contrast,
each charged state concentration is redistributed according to
its new weight after the rapid quenching [58,59] following
the procedure FROZEN-SC-FERMI [54] (Supplemental Mate-
rial [48], Note S1). With the help of this code, we can also
approximately analyze how the balance of intrinsic defect
concentration is affected by extrinsic charged defects of fixed
concentration without knowing the formation energy of ex-
trinsic charged defects [52,54]. In this paper, the concentration
of the extrinsic defects is fixed at 10'® cm~3, as adopted by
Refs. [52,54,60]. In general, donor doping is expected to in-
troduce electrons in the system, which can effectively increase
the electrical conductivity and improve the photocatalytic per-
formance.
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FIG. 4. The self-consistent Fermi energy (Ep, red dash-dotted line, right axis), ng, and the mainly intrinsic defect concentration (solid color
line, left axis) calculated by HSE as a function of Aug; for only intrinsic defects in Bi,MoOg under thermodynamic equilibrium conditions (a)
at 300 K, (b) at 700 K, and (c) under nonthermodynamic equilibrium conditions quenched from 700 to 300 K, along the straight line AysgEnsg

(Fig. 1).

Firstly, as shown in Fig. 4, Eg, ng, and main defect
concentration as a function of Aug; (coequally in the Sup-
plemental Material [48], Fig. S5 of Apun,) are calculated
under O-rich conditions (along Aysg Enxsg, Ao = 0). This
is because most experiments are performed in air atmosphere
[61-63]. At T = 300K, when Aug; < —3.05eV, as shown in
Fig. 4(a), (corresponding to Apun, > —8.05eV, Supplemen-
tal Material [48], Fig. S5(a)), the charge neutrality condition
is satisfied by 2[V£+] = ng. This suggests that there is no
significant intrinsic defect compensation. Here, [Vé*] and ny
remain unchanged in this range because their Fermi levels
remain basically fixed and almost cancel exactly the change
of the chemical potentials [50], showing that attempts to reg-
ulate defect formation by adjusting chemical potential will
fail in this range [50]. For Aug; > —3.05eV in Fig. 4(b)
(for Aumo < —8.05eV in the Supplemental Material [48],
Fig. S5(b)), [Bill\,[_o] begins increasing rapidly and becomes
closer to [V3]; after that, [Bij,,] and [V2"] increase sharply
together and compensate for each other. The typical self-
compensation makes the Er drop rapidly, which can also be
seen at Eygsg in Fig. 3(c). Thus, ny drops seriously, leading to
reduced conductivity. On the other hand, at 700 K [Fig. 4(b)]
and after quenching [Fig. 4(c)], the trends of the Fermi en-
ergy level and carrier and defect concentrations are basically

consistent with those at 300 K, except for numerical enhance-
ment. When the temperature is from 300 to 700 K (Fig. 4),
no and [Vg*] increase by ~10 orders of magnitude, and
the Fermi energy level moves toward the CBM since the
defect thermal excitation intensifies at a higher temperature.
When the system is rapidly quenched to room temperature,
the thermal activation of the dominant Vg+ is kept strong,
while the band-edge thermal excitation is largely suppressed
to decrease the hole concentration, resulting in a shift of the
Fermi level toward the CBM again [50,59]. After quenching,
for Aug; < —3.05¢eV, ng and [Vé*] can be enhanced from
10*cm™3 at 300 K to 10" cm™3 at 700 K, still showing its
low conductivity only with the intrinsic defect states under O-
rich conditions. To improve its carriers concentration, dopant
doping was a well-known method to adopt in semiconductor
research.

Secondly, when acceptors ([A~] = 10'® cm~3) are doping
into Bi;MoOg along AgsgEnsg, as shown in the Supplemental
Material [48], Fig. S6 for Aup; (Fig. S7 for Aum,), no is
almost equal to 0 at T = 300 K (see Supplemental Material
[48], Fig. S6(a)) and is always < 10" cm~3 at 700 K (see Sup-
plemental Material [48], Fig. S6(b)) and even after quenching
from 700 to 300 K (see Supplemental Material [48], Fig.
S6(c)), due to A~ mainly compensated by Vé+. It shows that
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FIG. 5. The self-consistent Fermi energy (EF, red dash-dotted line, right axis), ng, the mainly intrinsic defect concentration (solid color line,
left axis) by HSE as a function of A ptp; under thermodynamic equilibrium condition (a) at 300 K, (b) at 700 K, and (c) under nonthermodynamic

equilibrium conditions quenched from 700 to 300 K, in the presence of a fixed concentration of donors [D*¥] = 10" cm™
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(Fig. 1).

A~ doping will further inhibit the electron concentration of
the intrinsic n-type Bi;MoQOg under O-rich conditions. There-
fore, different attempts should be made to obtain a higher
carrier density.

Thirdly, when donors ([D*] = 10'® cm~3) are doping into
Bi;MoOg along Apsg Egsg (Fig. 5), Ep gradually rises to
its maximum for Aug; < —3.05eV. After that, Er drops
quickly under both thermodynamic and nonthermodynamic
equilibrium conditions. Accordingly, ng rises to the maxi-
mum value and then begins to decline, which can even be
>10"7 cm™3 at 700 K and after quenching. Additionally, for
Augi < —3.05eV, compared with 300 K, the compensation
effect of intrinsic acceptor Vé’i_ on D% is weakened at 700 K
and after quenching, resulting in a significant increase of ny.
For Aug; > —3.05¢eV, Biy, compensated for Dt since Ef
crosses the transition energy level e(3—/—) of Biy, at 300 K
and after quenching (in Fig. 2), which changes the dominant
charge state of Biy, from 3— to 1—. Surprisingly, with no
value of Ep being the ground state in Fig. 2, Bilz\,[_0 at a certain
amount also appears across the point of &(3—/—), adding
the vital knowledge about the 2— state missing in Fig. 2 of
formation energy vs Fermi level [54].

At 700 K, Dt is compensated strongly by the intrin-
sic acceptors along the whole range of Apsg Epsg; the

band-edge thermal excitation becomes dominant. It enhances
the hole concentration in Bi;MoOg, which pushes the Fermi
level closer to the VBM by ~0.15 eV than that at 300 K.
After quenching, the thermally excited holes are dramatically
suppressed. At the same time, the defect activation remains
to further increase ny and to shift the Fermi level toward the
CBM ~0.25 eV.

From the above analysis, we find that VB3i_ is the most
important defect when Dt doping. Thus, we calculate the
electronic properties of Vg’i’, as shown in the Supplemental
Material [48], Fig. S3(b) by HSE. There is no recombination
center of electrons and holes in the gap region to be of harm
tozits photocatalytic performance, which is as good as those of
Vst

OFor —3.44 < Augi < —3.05eV in Fig. 5(c) (-8.05 <
Auno < —7.73eV in the Supplemental Material [48], Fig.
S8(c)), we can obtain ny and [VB3i_] as >10'7 cm™3 with both
the DT doping and quenching strategy in the air environment.
These calculated electron concentrations are higher by >2 or-
ders of magnitude than those for only intrinsic defects without
D* doping [Fig. 4(c)]. Therefore, the problem of insufficient
electron carrier concentration synthesized under air conditions
can be solved and improved, which makes it possible to use
Bi;MoOg as a better photocatalytic material. Combined with

2.60

2.56

2.52

Fermi energy level (eV)

101
2.5
—~ 10" r . 10" r .
o (b) =700 K (¢) T=700~300 K
10" r

2 o
g 10 1017 E
= 16 -
© 107 10 | VB'
= 15
8 101! [0 ¢ e\ "E: ..........
g 104 - F EF
o 10 1013 r'

107 2 102 1 1

30 -25 -20 -15 -1.0 -05 00 -3.0  -25 20 -15 -10 -05 0.0

Apg; (eV)

Aug; (eV)

Apg; (eV)

FIG. 7. The self-consistent Fermi energy (EF, red dash-dotted line, right axis), ng, the mainly intrinsic defect concentration (solid color line,
left axis) by HSE as a function of A ptp; under thermodynamic equilibrium condition (a) at 300 K, (b) at 700 K, and (c) under nonthermodynamic
equilibrium conditions quenched from 700 to 300 K, in the presence of a fixed concentration of donors [D*] = 10'® cm™> under O-rich

conditions (along the curve AgsgNysgDuysg in Fig. 1).
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experimental results [12,15,64] of having improved the pho-
tocatalytic performance of Bi,MoOg with oxygen vacancies
under air conditions, we cannot help doubting whether it is by
intentional or unintentional donor doping that good conduc-
tivity is achieved under O-rich conditions.

In addition, comparing Figs. 4, 5, and S5-S8 in the Sup-
plemental Material [48], it can be seen clearly that the Fermi
energy level changes not only with the chemical potential but
also with the doping concentration, temperature, and other
environmental factors.

3. The chemical potentials along AgsgNusg Dusg

To be more general, we calculate Ef, ny, and defect con-
centrations as a function of Aug;, shown in Fig. 6 along the
ApnseNpuse Dysg curve (the chemical potentials from O-rich,
Bi/Mo-poor to O-poor, Bi/Mo-rich conditions in Fig. 1; co-
equally in the Supplemental Material [48], Fig. SO of Apumo
and Fig. S10 of Aup) at T =300 and 700 K and after
quenching. It can be seen that Ep increases monotonously
with Apug; and moves to the CBM at high temperature for
the dominant defect excitation to enhance ng, then goes on
moving to the CBM after quenching, as previously dicussed
[59]. Accordingly, ny from the fully ionized Vy increases
monotonously, and ny = 2[V(§+] holds. Thus, V§+ with per-
fect electronic properties (see Supplemental Material [48],
Fig. S3(d)) is always the dominant defect. It can be seen that,
after quenching, ng is >10'® cm ™3 [Fig. 6(c)] for —0.92eV <
Apugi < 0. However, once deviating from these ranges, ng
and [V§+] will decrease rapidly. It indicates that ny and in-
trinsic defect concentrations still need further improvement.
Moreover, the same trends of A g in the Supplemental Mate-
rial [48], Fig. S10, are consistent with the results presented
in figs. 3 and 4 of Ref. [65,660], in which ny decreased
with the oxygen partial pressure or temperature increasing as
usual [67,68].

After doping A~ into Bi;MoOQOg, the calculated Ef, ny, and
defect concentrations as a function of Aug; along AysgNusg
Dysg are shown in the Supplemental Material [48], Fig. S11
(coequally in Fig. S12 of Aumo and Fig. S13 of Aup). At
T =300 K, ng remains quite low compared with the concen-
trations of Vé*. At T =700 K (see Supplemental Material
[48], Fig. S11(b)) and after quenching (see Supplemental Ma-
terial [48], Fig. S11(c)), the trends of Er and ny changing are
alike in Fig. 6, where there are only intrinsic defects. Here,
ng is <10 cm™3, as A~ is mainly compensated by V3" for
—3.44eV < Aug; < —1.00eV (see Supplemental Material
[48], Fig. S11), =7.73eV < Aumo < —4.00eV (see Supple-
mental Material [48], Fig. S12), and —1.50eV < Aug <0
(see Supplemental Material [48], Fig. S13), meaning that
the acceptor doping is inefficient. Moreover, ny will become
>10"8cm™3 for —0.85eV < Aug; < 0 (see Supplemental
Material [48], Fig. S11), —6.30eV < Auno, < —1.48eV (see
Supplemental Material [48], Fig. S12), and —2.19eV <
Apo < —0.74 eV (see Supplemental Material [48], Fig. S13)
and will continue to rise with the chemical potential changing.
The [Vg*’] increases above the value necessary to compen-
sate [A~], while Ep is pushed closer to the CBM. However,
ng is higher only in a small range of chemical potentials
near Bi-rich conditions, indicating the difficulty to observe it

experimentally. As a result, doping with [A~] along the direc-
tion of AgsgNusgDuse displays a negative-regulation effect
on the equilibrium electron carrier concentrations (ng). Thus,
other modulation studies are required.

After doping D' into Bi;MoQg, the calculated Efg, ng,
and defect concentrations as a function of Apup; along
ApseNyseDysg are shown in Fig. 7 (coequally in the Sup-
plemental Material [48], Fig. S14 of A, and Fig. S15 of
Auno). At T =300 K, when Aup; changes from —3.44 to
—2.50 eV [Fig. 7(a)], ny increases as Ep increases slightly.
Here, D™ is mainly compensated by Vé’i_, SO 3[V€i_] = [D%]
holds. For Aug; > —2.50eV, [VB3i’] drops quickly, and Ep
also keeps basically fixed and almost cancels exactly the
change of the chemical potentials [50], where no significant
defect compensation is observed, ny mainly contributes by
D*, and ny = [D™] keeps, the so-called suppression region
of inherent defects by external donors.

At T =700 K [Fig. 7(b)] and after quenching [Fig. 7(c)],
Er first rises with the increase of Aug; and then rises af-
ter a stable distance, in sharp contrast to the situation that
Er tends to be stable after rising at 300 K [Fig. 7(a)]. At
700 K, Ef slightly moves to the VBM due to the dominant
band-edge thermal excitation to improve minority-carrier con-
centrations. After quenching, for the band edge excitation is
strongly suppressed to heavily lower hole concentration by
sharp cooling, and Ef significantly moves to the CBM, as pre-
viously mentioned [59]. For —3.44eV < Aup; < —2.25¢V,
ny is < 10'® cm™3 due to the compensation between DT and
VB31_. When Aupg; changes from —2.25 to —1.27 eV, [VB31_]
drops quickly, and o mainly contributes by D" as Er remains
unchanged, so ny = [D*] = 10'® cm 3. This may imply that
the influence of the intrinsic defects on Dt doping is minimal.
Thus, donor doping is efficient for Bi;MoOg photocatalysts
prepared in the experiment. For —1.27eV < Apug; < 0, ng
is >10'"8 cm™3 above [D*]. As the chemical potential of Bi
increases, [V3"] rises sharply, reaching >10'® cm~3, further
contributing to the n-type activity. Under these conditions, ng
is provided mainly by the secondary ionization of Vg.

On the whole, after quenching from 700 to 300 K, our
results suggest that Bi;MoOg will be easily donor doped un-
der —2.50eV < Apup; < 0 [Fig. 7(c)], —6.32eV < Aumo <
—1.48¢eV (see Supplemental Material [48], Fig. S14(c)) and
—2.19eV < Aup < —0.65eV (see Supplemental Material
[48], Fig. S15(c)). These conditions are a broad range of
chemical potentials, which shows that donor-doped Bi;MoQOg
can be easily realized experimentally. Furthermore, under
extreme O-poor and Bi/Mo-rich conditions after quenching,
high ng can be obtained only by the easily forming of V5+
without consideration of D~ and At doping.

IV. CONCLUSIONS

In summary, we have performed first-principles calcula-
tions to investigate the origin of n-type doping in Bi;MoOg
with intrinsic point defects. The self-consistent Fermi ener-
gies and equilibrium carrier and defect concentrations are
calculated using the SC-FERMI code based on thermodynamic
simulation. We found that the easy formation of V3% is
responsible for its intrinsic n-type conductivity under Bi-
rich/O-poor conditions, and thus, it can have a very high
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density (reaching up to 10'® cm~3), making it the dominant
defect in Bi;MoOg. Under more easily achieved experimental
conditions, the calculated self-consistent Fermi energies and
equilibrium carrier and defect concentrations show that ng
is >10'7cm™ with the D* doping and quenching strat-
egy. Moreover, under the broad range of chemical potentials,
after quenching from 700 to 300 K, Bi;MoOg¢ can be ef-
fectively donor doped without significant compensation by
intrinsic point defect formation, and ny increases as Auo
decreases or temperature increases. Therefore, the forma-
tion of compensating acceptor defects can be inhibited by
choosing oxygen-poor (Bi-rich) growth conditions, and af-
ter quenching from 700 to 300 K. Our results provide
guidelines for intrinsic defects doping in Bi;MoOg and will

contribute to further improvement of the Bi;MoOg-based
photocatalyst.
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