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Abstract: To explore the photocatalytic performances and optoelectronic properties of pure and doped
bismuth oxyhalides D-doped BiOX (D = Ag, Pd; X = F, Cl, Br, I) compounds, their atomic properties,
electronic structures, and optical properties were systematically investigated using first-principles
calculations. In previous experiments, the BiOX (X = Cl, Br) based system has been observed with
enhanced visible light photocatalytic activity driven by the Ag dopant. Our calculations also show that
the potential photocatalytic performance of Ag-doped BiOCI or BiOBr systems is enhanced greatly
under visible light, compared with other Pd-doped BiOX (X = Cl, Br) compounds. Furthermore,
it is intriguing to find that the Pd-doped BiOF compound has strong absorption over the infrared
and visible light spectrum, which may offer an effective strategy for a promising full spectrum
catalyst. Indicated by various Mulliken charge distributions and different impurity states in the gap
when Ag or Pd was doped in the BiOX compounds, we notice that all D-doped BiOXs exhibit a
p-type semiconductor, and all impurity levels originated from the D-4d state. The charge transfer,
optoelectronic properties, and absorption coefficients for photocatalytic activities among D-doped
BiOX photocatalysts caused by the electronegativity difference of halide elements and metal atoms
will finally affect the photocatalytic activity of doped BiOX systems. Therefore, it is significant to
understand the inside physical mechanism of the enhanced Ag/Pd-doped BiOX photocatalysts
through density functional theory.

Keywords: photocatalytic performance; metal doping; electronic structure; optical absorption;
first-principles
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1. Introduction

The shortage of energy resources and the pollution of environments in the world have become
hot topics nowadays. Since Fujishima discovered the phenomenon of water decomposed by
TiO, photocatalysts under light [1], photocatalysts-based semiconductors have attracted extensive
attention for developing new energy resources and eliminating pollutants [2,3]. This includes, for
example, oxygen evolution, hydrogen evolution, CO, reduction, nitrogen fixation, organic syntheses,
disinfection, and organic pollutant removal [4-6]. However, the catalytic efficiency of TiO; is too
low for commercial technology. The main detrimental drawbacks are the rapid recombination of
photo-generated electron/hole pairs and the backward reaction and poor activation of TiO, by visible
light [7,8]. Large numbers of novel photocatalytic materials are studied [9-14], especially BIOX (X = F,
Cl, Br and I) compounds because of their high photocatalytic performance. Since the better performance
of BiOCl over TiO; at three cycles on the photocatalytic degradation of methyl orange (MO) dye was
observed by Zhang et al. in 2006 [15,16], a series of novel Bismuth oxyhalides (BiOX, X = Cl, Br, and I)
photocatalysts were synthesized by employing ethylene glycol as the solvent [17], which displayed the
outstanding photocatalytic performances under UV-Vis light irradiation. Meanwhile, the theoretical
calculations were also employed to investigate the physical mechanism of BiOX photocatalysts. Due
to the unique stack-layered structural properties of BiOX compounds, its photocatalytic efficiency can
be tuned feasibly by controlling the intensity of the electrical field. The investigation of structural and
optoelectronic properties of BiOX is the threshold to clarifying the photocatalytic activity. Huang et al.
calculated the electronic and optical properties of the BiOX with and without the adoption of Bi-5d
state and they showed that all BiOX are indirect band-gap materials, except the direct band-gap BiOF
compound [18]. The incorporation of the Bi-5d state, the Bi-5f state, and the correction of van der Walls
(vdW) in the calculations did not largely change the band characteristics, but only enlarged the band
gap slightly [19,20].

However, the photocatalytic activities of BIOCI under visible light are insufficient due to a large
band gap, and the redox reaction of BiOl is weak because of its higher valence band edge [21-23], so
for the band engineering process through interface design, impurity doping can be employed to make
up for the deficiencies.

Many studies have been further attempted to reinforce the photocatalytic activity of BiOX systems,
such as heterostructure designs of BiOBr/AgBr, BiOCl/BiO3, BiOBr/BiOlI [24-29] and some specific
impurity doping [30-33]. Dai et al. proved that the photoluminescence, photocatalytic activity, and
strong optical properties of Eu**-doped BiOX (X = F, Cl, Br, and I) could be enhanced using the density
functional theory (DFT) method [30]. Zhao et al. explored the catalytic mechanism of BiOX;_,Y; (X,
Y =F Cl, Br, I, 0 < r < 1) from the perspective of lattice constants, band gaps, and optical properties,
and the results showed that the optical properties linearly vary as a function of the r-value and
the band gap of BiOX;_,Y; solid solutions can be tuned from 1.7—4.0 eV by changing the halogen
composition [31]. Also, the co-doping of Sb and I atoms in BiOCI can obviously decrease the band
gaps and increase the optical absorption coefficients [28]. In Yu's experiments, transition metals, such
as Ag, Pd, Pt, and Rh are also important dopants which could be considered to enhance the optical
properties and photocatalytic performance of BiOX (X = Cl, Br, and I) [32,33]. It was reported that the
Ag-doped BiOX-based system had higher VLD (visible-light-driven) photocatalytic activity due to
the degradation of rhodamine B [34]. Other ternary heterojunction compounds Ag/AgBr/BiOIO3
are synthesized which show strengthened photocatalytic activity owing to the Ag doping [35]. Kim
group synthesized the Ag and Au doped BiOCl/BiOCll;_x compounds and proved that the light
absorption and photocatalytic activity of these samples were improved [36].

There are a series of experimental investigations of transition metal doped BiOX photocatalysts,
but the theoretical investigation of these transitional metal doped BiOX compounds remains insufficient.
Since there are few computational calculations reported regarding Ag and Pd doped BiOCl, BiOBr, BiOl,
and BiOF photocatalysts, in this work we systematically focus on the structural, electronic, and optical
properties of pure and D-doped BiOX (D = Ag and Pd) models using the density functional theory
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(DFT) calculations. From the variation of the charge distribution and optical spectrum before and after
doping Ag/Pd in the BiOX system, the mechanisms of their enhanced photocatalyst performances
were interpreted.

2. Theoretical Method

2.1. Computational Models

The BiOX (X = F, Cl, Br, and I) compounds posess a tetragonal structure with the space group of
P4/nmm (NO. 129) [37,38]. The primitive cell contains 6 atoms and the lattice parameters are given
as follows: a =b =3.756 A, c = 6.234 A for BiOF [37]; a=b =3.890 A, c = 7.370 A for BiOCl [37,38];
a=b=3920A,c=8.110 A for BiOBr [37,38],a=b =4.090 A, c = 7.210 A for BiOI [37,38], and the angles
are & = 3 =90°. In the present work, a 3 x 3 x 2 supercell model and transitional metal doped models
were constructed as shown in Figure 1. One Bi atom was displaced by a metal atom as substitutional
doping, shown as Figure 1b. In the supercell, the number of atoms is 108, and the metal doping
concentration is 0.926% (atom fraction). The 3 x 3 x 2 supercell was adopted to avoid impurity and
self-interaction. The structure surrounding impurity atom D is illustrated as Figure 1c. The bond
length d; (i=1, 2, 3, and 4) and angle &; (j = 1 and 2) of the D-related location were calculated.

O R )
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13 14
03
Figure 1. The (a) pure and (b) D-doped BiOX model. In figure (c), d; (i = 1, 2, 3, 4) is the bond length
for O1-Ag, O3-Ag, O2-Ag, and O4-Ag respectively; a; (j = 1, 2) is the bond angle for O1-Ag-O3 and
02-Ag-04, respectively. A Bi atom is replaced by a metal atom, signed D. The atom numbers of the
BiOX supercell are 108, and that is (BiOX)36. The stoichiometric ratio of the different species of doping
models, Bi:O:X:D, is 35:36:36:1.

2.2. Computational Methods

In this work, all calculations were conducted via the well-tested Cambridge Serial Total Energy
Package (CASTEP, http:/ /www.castep.org/) codes based on density functional theory (DFT) [39]. The
exchange-correlation potential was described with the generalized gradient approximation (GGA)
in the scheme of Perdew-Burke-Ernzerh for solids (PBEsol) [40]. The Kohn-Sham wave functions
of valence electrons (Bi6s?6p>, 02s*2p*, F2s?2p°, Cl3s?3p°, Brds?4p°, 15s?5p°, Agdd!?5s!, Pd4d!?)
were expanded in a plane-wave within the cutoff energy of 430 eV. The Brillouin Zone was sampled
with a2 x 2 x 1 k-point grid for a supercell using the Monkhorst Pack scheme [41]. More k points
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3 x 3 x 2 were tested and the results changed very little. The spin was considered as the input file and
the dipole moment was equal to zero, which is verified by taking the Ag-doped BiOBr model as an
example, as shown in Figure S1 of the Supplementary Information (SI). A 60 x 60 x 90 mesh was used
for the Fast Fourier Transformation (FFT). The Broyden—Fletcher—Goldfarb—Shanno (BFGS) scheme
was chosen as the minimization algorithm [42]. Its convergence standards were set as the follows:
the force on the atoms was less than 0.05 eV /A; the stress on the atoms was less than 0.1 Gpa; the
maximum atomic displacement was less than 0.002 A, and the energy change per atom was less than
2 x 1072 eV. On the basis of optimized crystalline structures, electronic structures and optical properties
were computed. From the band structure to the density of states, Gaussian broadening is applied to the
eigenvalues, and smearing width is set as 0.1 eV. Meanwhile, the self-consistent field (SCF) tolerance
was 1 x 107° eV. In addition, the high symmetry points for band structure calculation are I'(0.00, 0.00,
0.00) — F(0.00, 0.50, 0.00) — Q(0.00, 0.50, 0.50) — Z(0.00, 0.00, 0.50) in k-space.

2.3. The Formula of Absorption Coefficients

The optical properties were calculated based on the crystalline and electronic structure by
the first principle, which was obtained from the frequency-dependent complex dielectric function
e(w) = &1 (w) + iex(w) following a methodology described in the literature [43]. The real part &1 (w)
is obtained using the Kramers-Kronig relation, and it is defined as the electronic contribution to
the dielectric constant, whereas the imaginary part e, (w) was calculated by the sum of all possible
transitions from occupied to unoccupied states in the Brillouin zone weighted with the matrix elements
describing the probability of transition. To determine the fraction of the light absorbed in these
materials, the absorption coefficients a(w) (in cm~!) were calculated for each compound as the
function of the wavelength of incident light using the following equations:

a(w) = 471];\((”) @
Ve +ed—e :
Kw) = (1221> @

where A and w are the wavelength and frequency of the incident light, respectively, and k(w) represents
the extinction coefficient. The relationship between energy in eV and wavelength in nm is:
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3. Results and Discussion

3.1. Structural Optimization

The structure of the pure and Ag and Pd doped BiOX models were optimized respectively under
the same conditions in order to reduce system error. Lattice constants of the pure unit cells of the
BiOX (X = F, Cl, Br, and I) compounds were stabilized as a =b = 3.732, ¢ = 6.158 for BiOF, a =b = 3.875,
¢ = 7.367 for BiOCl, a = b = 3.900, ¢ = 8.304 for BiOBr, a = b = 3.972, ¢ = 9.318 for BiOlI (in A), in
agreement with the experimental data [37].

The variation of lattice parameters of the Ag and Pd doped BiOX models after optimization
(parameter difference before and after optimization), such as average variation of bond length Ad,
bond angle Ax, and lattice constant Aa are listed in Table 1, and details in Table S1 to evaluate the effect
of the doped metal atoms on the lattice structure of the BiOX models. The results indicate that some
changes of bond length and angel are attributed to the difference of valence electrons of Ag, Pd, and Bi,
and the electronegativity of halogen atoms. However, the BiOX compounds still remain as layered
structures, so the internal electronic field still plays a positive role in carries separation.
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Table 1. The variation of structural parameters (parameter difference before and after optimization),
bond length of Bi-O L, band gaps Eg, and absorption edge Abs. Aa are variation of lattice constant
a; Ad is bond length variation, Ax is bond angle variation, and Ey,, is the formation energy of the

doping system.
Aa/A 5y 5 L*A EoleV EgleV Abs/nm
' i i i 227842 i 4553
BiOF 2275 3.193 286
Ag/BiOF 0.061 0277  45.036 1.998 -8.12 3.101 551
Pd/BiOF 0.060 ~0302  44.808 1.973 ~5.95 2.905 >780
_ i i i 23142 i 3.44°/250°¢
BioCl 2315 2483 355
Ag/BiOCl 0015  —0269  40.275 2.046 ~8.06 2.569 650
Pd/BiOCI  —0.002  —0296  50.827 2.019 ~5.95 2.437 559
, i i ) 2.3202 i 291°/2.10°¢
BiOBr 2322 2.098 451
Ag/BiOBr  —0.016  —0276  40.275 2.046 ~8.07 2.280 696
Pd/BiOBr  —0.012  —0299  47.219 2.023 ~5.95 2.152 479
. i i ) 2.3292 i 1.92b/1.59¢
Biol 2324 1513 650
Ag/BiOI  —0.013 0.194 ~7.451 2518 ~8.06 1.504 844
Pd/BiOI  —0012  —0233 46415 2.091 ~5.96 1.558 759

2 Zhang et al. Phys Chem Chem Phys, 2014, 16, 25854-25861; b Wu et al. 2016 IEEE International Conference on EIT,
Grand Forks, ND, 2016, 0452-0457; ¢ Zhao et al. Physica B: Condensed Matter, 2012, 407, 3364-3370; * Bond length
of Bi-O values are the D-O’s after doping for the D/BiOX (D = Ag and Pd).

The formation energy is a typical physics parameter that explains the formation of the crystal
from isolated atoms. In this work, the formation energy is defined as:

Efor = Ep/giox — Epiox — 1p + Hp; 4

according to Van de Walle [44], where Ef,, is the average formation energy of the systems, Epiox and
Epiox are the total energies of the D-doped BiOX and pure BiOX, respectively, and pp and pp; are the
chemical potentials for Ag (or Pd) and Bi, respectively. The more negative value of E, indicates a
more stable substance. The calculated formation energy values of all doped BiOX models are listed in
Table 1. As we can see, all the doped structures are stable, and the Ag-doped BiOX structures are more
stable than the Pd doped models.

3.2. Electronic Structures

The band structures of the pure and D-doped BiOX models are computed and the results are
listed in Table 1. The Fermi energy level is set at the valence band maximum. First, we discuss
the pure BiOX compounds. The band gap of the BiOF model is 3.193 eV, whose valence band
maximum (VBM) and conduction band minimum (CBM) are at the k-point of I from the Figure S2,
indicating a direct semiconductor. The band gaps of BiOX (X = Cl, Br, I) are 2.483, 2.098, and 1.513 eV,
respectively. These BiOX models are indirect semiconductors. All of the band gaps of BiOX are lower
than the experimental value, which is caused by the well-known inherent shortcomings of the GGA
functional. However, the variation trend of the band gap is consistent with the experimental results as
Eg(BiOF) > E¢(BiOCl) > Eg(BiOBr) > Eg(BiOI) [17-20], which decreases with the increase of the halogen
atomic numbers. Moreover, the indirect semiconductor can prevent electron-hole pair recombination.
A small band gap could facilitate the excitation of electrons from the top of the valence band to the
bottom of conduction band, requiring less light energy.

Secondly, as for the doped BiOX compounds, the band structure of the D-doped BiOl is plotted
in Figure 2a as an example (other BiOXs’ are plotted in Figure S2). The semiconductor still keeps its
indirect feature. The band gaps of the D-doped BiOI compounds are consistent with the pure model.
However, an impurity level arises in gaps and influences the photoelectric property. For the Ag-doped
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BiOI compounds, the impurity level is located in 0.006 eV, indicating that these kinds of compounds
are p-type semiconductors. Similarly, the impurity level of the Pd-doped BiOl is at distance 1.437 eV
from VBM and indicates a deep-level semiconductor.

Energy(eV)

BiOl AgBIOI PA/BIOI

Figure 2. (a) The band structures of pure and D-doped BiOI and (b) their charge densities.

To further understand the behaviors in the D-doped BiOI models, the atomic populations and net
charges were calculated via the Mulliken population analysis [45], and the results are shown in Table 2,
and charge density pictures of the pure and D-doped BiOl structures are displayed in Figure 2b. From
the Figure 2b, the charge density of D atoms in the doped BiOI compounds is larger than the Bi in the
pure compounds because the net charge of the Bi atom in BiOl is 1.22 e while the net charge of the
D (Ag and Pd) atoms are 0.1 and 0.13 e according to Table 2, respectively. Also, the density of Ag is
higher than Pd, which indicates that the Pd covalent property is stronger than Ag. Furthermore, the
population becomes bigger and the bond length d; become smaller, which implies that the O-D bonds
are stronger than the pure ones and present a certain covalent property.

Table 2. The net charge and bond population for pure and Ag-doped BiOI based on the Mulliken
charge analysis. The locations of Oi-Bi, Oi-D are shown in Figure 1c.

BiOX Net Charge/e Population/e
Bi o X D 0;-Bi O1-D O02-Bi 02-D O03-Bi 0O3-D O04-Bi 04-D
BiOI 122 —-09 —0.32 - 0.11 - 0.11 - 0.11 - 0.11 -
Ag/BiOI - —-0.84 —-0.27 0.1 - 0.14 - 0.14 - 0.14 - 0.14
Pd/BiOI - —-0.75 —-027 013 - 0.32 - 0.32 - 0.32 - 0.32

Also, similar results also exist in the remaining D-doped BiOX (X = F, Cl, Br) compounds. The
concrete data and figures are arranged in Table S2 and Figures S2 and S3. The impurity energy level
could provide holes to the valence band and electrons to the conduction band. Therefore, the doped
BiOX compounds will provide more photoexcited carriers and require less absorption energy than
the undoped BiOX. Meanwhile, for the Pd-doped BiOX (X = F, Cl, Br), the band gap of the Pd-doped
BiOX models are slightly smaller than the Ag-doped BiOX (X = F, Cl, Br), but a deeper level comes
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up, which may influence the photocatalytic performance. As for the charge density, similar results
are displayed. In summary, the doped atoms in the BiOX models contribute to the changes of the
electronic distribution and the electronic features.

Therefore, the total and partial density of states (DOS) of the pure and D-doped BiOX
were calculated, whose analyses of the contribution of the state have been discussed in previous
works [17-20]. Now we will discuss the doped BiOX compounds. The DOS graphs are plotted in
Figure 3.
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Figure 3. The density of state (DOS) of D-doped BiOX (X = E, Cl, Br, I). (a) The DOS of Ag-doped BiOX
and (b) the DOS of Pd-doped BiOX.

For the Ag-doped BiOX models, it clearly indicates that the electronic structural features of the
pure compounds remain intact except for the appearance of an impurity energy level, which originates
from the Ag-4d state. This new state is located on the top of the valence band. The distances between
the Ag impurity energy levels and VBMs are 1.391, 0.953, 0.717, and 0.006 eV for the Ag-doped BiOF,
BiOCl, BiOBr, and BiOI models, respectively. The distance between impurity energy level and VBM
decreases with the increase of halogen atomic numbers. The band gap of pure BiOF is largest one
over all the BiOX compounds which indicates the greatest photon absorption energy and the worst
light-harvesting ability. However, the dopant of Ag into the BiOF compound induces a deep energy
level at 1.391 eV, implying that the impurity energy level probably acts as the recombination center of
photogenerated charge carriers rather than the separation of electron-hole pairs [44]. The impurity
energy level in the Ag-doped BiOCl and BiOBr compounds provides electrons to CBM and holes to
VBM and is able to act as a springboard for electron transitions from the valence band to the conduction
band by absorbing less photon energy. Moreover, the impurity energy level of the Ag-doped BiOBr
and BiOCl compounds possesses appropriate depth compared to the excessive deep energy level
of the Ag-doped BiOF It is clearly speculated that the ability of photocatalytic activity may follow
BiOBr > BiOCl > BiOl, which is in agreement with the previous experimental results [33]. Then, for the
Pd-doped BiOX, similar properties are concluded by the DOS curving; the impurity energy level is
from the Pd-4d state. All in all, the changes of the electronic structures would influence the optical
absorption utilization factor to some degree, then affecting photocatalytic performance.

3.3. Optical Properties

The imaginary part e, of the dielectric function is calculated in order to obtain absorption
coefficients of pure and doped BiOX as a function of the energy of incident light and plotted in



Catalysts 2019, 9, 198 8of 11

Figure 4. The scissors operator, a grid upshift of CB to the experimental values, 1.2, 0.93, 0.62, and
0.36 eV for BiOF, BiOCl, BiOBr, and BiOI models respectively, was used to widen the band gap
and obtain the corrected optical properties due to the underestimated band gap in this work. From
Figure 4b,c, a strong peak between 0 and 10 eV is observed in the spectrum of pure BiOX (X = Cl,
Br, I). It is assigned to the electronic transitions from VBM to the isolated low energy block in the
conduction band. The peaks are centered at 6.028 eV for BiOCl, 5.381 eV for BiOBr, and 4.724 eV for
BiOl respectively. For the BiOF compound from the Figure 4a, two peaks at 6.238 and 8.199 eV are
observed. Those peaks are generated mainly by the transitions from O-2p and X-np states to Bi-6p
and partially Bi-6s states. The peaks greater than 10 eV originated from the jumping of the O-2p and
X-np states to the conduction bands of the upper levels. More importantly, the imaginary part of the
dielectric function over Ag (Pd)-doped BiOX models shows a certain amount of red shift. According to
Equations (1)—(3), absorption peaks show red shift at the range from 0 to ~4.370 eV contributing to the
photocatalytic performance, which is due to the transition from Ag-4d states to conduction bands. The
peak at 0.592 eV suggests that there is strong absorption near the infrared region. As for Pd-doped
BiOX, certain enhancement of absorption peaks was observed in the visible region at the energy value
lower than 4 eV. However, great changes occur on the Pd-doped BiOF compound, which is from the
transition of Pd-4d states and the impurity energy level.

(a (b (c)
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Figure 4. (a—c) The calculated imaginary part ¢2 of the dielectric constants and the unit in eV;
(d—f) Absorption coefficients and unit in nm of the pure and doped BiOX (X = F, Cl, Br, I) as a
function of the energy of incident light.

The absorption coefficients (in cm~!) of the pure and D-doped BiOX are plotted in Figure 4d—f
and absorption edges are recorded in Table 1. The absorption edges of pure BiOX models are 355,
451, and 650 nm for BiOCl, BiOBr, and BiOI models in accordance with experimental results at ~376,
~442, and ~628 nm, respectively [38]. The absorption edges of BiOX grow linearly with the atomic
numbers of halogen. We also get the same result based on the early analysis of the imaginary part of
the dielectric function. Remarkably, when the Ag impurity is doped, the absorption coefficients of
Ag-doped BiOX models from 400-800 nm are larger than the pure BiOX. With regard to the Pd-doped
BiOX model, the Pd-doped BiOCl and Pd-doped BiOBr show similar enhancement of absorption, but
almost nothing has been changed for the Pd-doped BiOI compared to Ag-doped BiOX (X = Cl and Br).
However, it is more interesting to see that the Pd-doped BiOF model shows a large difference from
the other three compounds and that a high absorption coefficient located at the visible region even
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the infrared light is observed. It can predict that the experimentally-prepared Pd-BiOF sample will
present excellent photocatalytic properties based on our computation results, indicating the important
progress in full spectrum catalysis.

4. Conclusions

In order to understand the photocatalytic mechanism of the D-doped BiOX compounds, especially
the enhanced photocatalytic observed in the Ag-doped BiOX compound, the structural, electronic,
and optical properties of Ag/Pd doped BiOX (X = F, Cl, Br, I) have been calculated based on the
DFT used GGA-PBEsol. The Ag/Pd-doped structures keep the previous layered structures, which
also assist in the separation of photoexcited carriers. As a result, the absorption coefficients become
larger after doping, and the photocatalytic performances are enhanced further due to the changed
electronic structures of the Ag/Pd doped BiOX compounds. The enhanced photocatalytic activity of
the Ag-doped BiOI compounds is in line with the experimental results based on our DFT calculation of
optoelectronic properties. Moreover, the photocatalytic efficiencies of the Ag-doped BiOCl and BiOBr
compounds are higher than the one with the Pd-doped compound, which is also indicated by the
better absorption under visible light in our calculation. Intriguingly, Pd-doped BiOF samples display
unusual absorption peaks over the full spectrum wavelength according to the absorption spectrum,
which may offer a significant strategy for one possible system with full-spectrum catalysis.
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and D-doped BiOX.
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