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Abstract—This study pioneered the synthesis of BiOCl/Bi,Mo;0,, as a composite photocatalyst using a simple one-
step hydrothermal method with polyvinylpyrrolidone (PVP) as a structure-directing agent. Characterizing the synthe-
sized samples using different physical and chemical techniques indicated the presence of PVP in reaction solution is
beneficial to growth Bi,Mo,0,, phase. In addition, the synthesized samples in the presence of PVP display a red-shift in
the bandgap, which improves light absorption in the visible region. The photocatalytic performance of the samples was
investigated in terms of the decolorization of rhodamine B (RhB) under visible light irradiation. Comparing the photo-
catalytic performance of synthesized samples using different PVP amounts (0-0.5g) showed their optimal perfor-
mance in the presence of 0.1 g of PVP. Results indicated that nearly 98% of RhB was degraded within 60 min under
visible light irradiation. The pH effect of the RhB solution and catalyst amount on photocatalytic performance were
also investigated, and active species trapping determined the main species participating in photocatalytic reactions.
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INTRODUCTION

Environmental pollution caused by recent industrial development
has caused numerous problems in human communities [1,2]. Water
contamination constitutes the main challenge and a major threat
to human life. Given the need for unconventional waters such as
saltwater, brackish water and industrial and agricultural wastewa-
ter as a result of the water shortage crisis in recent decades, devel-
oping cost-effective, safe and efficient methods for degrading or
eliminating contaminants is crucial [3,4]. In the last decades, reverse
osmosis, adsorption, chemical and biological precipitation and mem-
brane filtration have been used to eliminate contaminants from
industrial wastewaters [5-7]. On the other hand, biological pro-
cesses do not effectively remove the contaminants, and conven-
tional processes such as coagulation/flocculation and adsorption
cause secondary water contamination by leaving solid waste resi-
dues [8,9]. Today, the photocatalytic properties of semiconductors
as an environmentally-friendly technology are utilized to efficiently
degrade water contaminants [10-13].

Recent research suggests high photocatalytic performance and
stability, cost-effectiveness and environmental compatibility make
bismuth-based semiconductors, such as Bi, WOy, Bi,Os, BiOCI, BiOBr
and BiOY], effective candidates for photocatalytic applications [14-
19]. Moreover, the layered structure and unique electrical, optical
and photocatalytic properties of BiOCI have attracted the atten-
tion of researchers. BiIOCI structurally comprises alternate layers of
[Bi,O,]-[CL], which develops a strong electric field between [BL,O,J*
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and CI layers. This electric field effectively separates electrons from
holes in generated electron-hole pairs and improves the photocat-
alytic performance of the compound [20-22]. As a photocatalytic
disadvantage of BiIOCl, its relatively-broad band gap (3.3 eV) causes
excitation and formation of electron-hole pairs to occur only under
ultraviolet irradiation [23,24]. Note that the ultraviolet (UV) spec-
trum accounts for nearly 6% of solar energy in the spectrum, and
visible wavelengths account for about 50% of solar energy [25,26].
Using visible light-active photocatalysts is therefore crucial for the
optimal application of solar energy [27,28]. The methods so far re-
ported for activating BiOCI under visible light irradiation include
morphological modification, metal and non-metal ion doping,
creating oxygen vacancies and combining this semiconductor with
other semiconductors [29-33]. Among them, the coupling of two
or more semiconductors to create a heterostructure is considered
effective for improving their photocatalytic performance [34-39].
BiOCl has been frequently used as a photocatalyst in coupling with
other semiconductors such as Bi, WO, CeO,, TiO,, SnO, and ZnO
[40-44]. Tahmasebi et al. used a simple hydrothermal method to
synthesize Bi,WO4/BiOCl composite photocatalyst. They reported
no photocatalytic response to visible light in pure BiOCl and found
Bi,WO(/BiOCl to effectively degrade RhB molecules under visible
light irradiation [40]. Zhang et al. found BiOCI/CeQ, as a composite
photocatalyst synthesized with co-precipitation to effectively degrade
RhB molecules under simulated solar irradiation [41]. Sanchez et
al. found BiOCI-TiO, synthesized as a composite photocatalyst using
the sol-gel method to outperform pure BiOCl and TiO, in degrad-
ing phenol molecules under visible light irradiation [42].

The crystalline phases of bismuth molybdate as a semiconduc-
tor indlude o~Bi,M0;0,,, #Bi,M0,0, and -Bi,MoO; [44,45]. Rapid
movement of carriers in the layered structure of o+Bi,Mo,0,, with
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a bandgap of 2.5-2.9 €V has increased the application of this n-
type semiconductor in photocatalytic processes [46,47]. To the best
of the authors’ knowledge, BiOCl/Bi,Mo0;0,, has not been yet syn-
thesized as a composite semiconductor.

The present study was therefore conducted to synthesize BiOCY/
Bi,Mo;0,, using a simple one-step hydrothermal method and inves-
tigate the photocatalytic performance of this compound in degrad-
ing RhB molecules in water under visible light irradiation. The
crystalline structure, morphology and chemical composition of the
samples were characterized using X-ray powder diffraction (XRD),
scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS), and their optical and light absorption proper-
ties using diffuse reflectance spectroscopy (DRS) and photolumines-
cent (PL). Active species trapping was also used to identify active
species generated in photocatalyst process under visible light for
degradation of dye molecules.

EXPERIMENTS

1. Materials

Sodium molybdate (Na,MoO,), bismuth nitrate pentahydrate
(Bi(NO;);-5H,0), hydrochloric acid (HCI), PVP (MW=1,300,000)
and RhB were purchased from Sigma-Aldrich Company. The high
purity of the materials used to obviate the need for their further
purification. Deionized water with a resistance of 18 MQ-cm was
used in all stages of the experiments. HCL and NaOH were used
to adjust the pH of the RhB solution.
2. Sample Preparation

Solution A, prepared by dissolving 1.2 g of Na,MoO, in 50 ml of
deionized water, was stirred on a magnetic stirrer for 70 min. Solu-
tion B, prepared by dissolving 0, 0.1, 0.3 and 0.5 g of PVP in 50 ml
of deionized water, was stirred on a magnetic stirrer for 15 min.
After 1.6ml of HCl and 2.82 g of Bi(NO,);-5H,0 was added to
solution B, it was stirred on a magnetic mixer for 15 min at 60 °C,
added to solution A drop by drop and mixed on a magnetic stirrer
for 10 min. A 100-ml Teflon-lined stainless autoclave containing
80 ml of the final solution was placed in a 180 °C oven for 12 h.
The autoclave was then cooled at room temperature. The product
was collected with a centrifuge, rinsed with deionized water sev-
eral times and eventually dried at 80 °C. The products synthesized
with 0, 0.1, 0.3 and 0.5 g of PVP were, respectively, labeled as P-0,
P-0.1, P-0.3 and P-0.5. For comparison, the pure-BiOCl sample
was synthesized using the same procedure without adding sodium
molybdate.
3. Characterization

The crystal structure of the synthesized powders was evaluated
using X-ray diffraction (XRD, A Phillips diffractometer-PW1730)
equipped with a Cu Ko radiation (1=1.54178 A) and operated at
40mV and 30 mA. The Fourier-transform infrared spectroscopy
(FTIR) spectra were recorded by Thermo Nicolet Avatar infrared
spectrometer. The morphology of the samples was observed using
FESEM (TESCAN Mira3). Moreover, the chemical composition
of the samples was investigated using energy dispersive spectros-
copy (EDS, TESCAN MIRA II). The UV-vis light absorption prop-
erties of the samples were recorded by UV-vis DRS (Avaspec-2048-
TEC model). The PL spectra of the samples were recorded by a

JASCO FP-6500 spectrometer at the excitation wavelength of 270
nm.
4. Photocatalytic Test

The photocatalytic activity of the samples was examined through
the photocatalytic degradation of RhB under visible light irradia-
tion. The source of visible light was a 55-W xenon lamp equipped
with a 400-nm filter for eliminating UV radiation. Every experiment
was performed by adding 40 mg of the powder samples to 40 ml
of the RhB solution with an initial concentration of 10 mg/L. A
magnetic stirrer was used to uniformly distribute the photocata-
lytic particles in the solution. The solution was placed in an ice-
water bath to counteract the effect of thermal degradation of RhB
molecules under light irradiation. The distance between the lamp
and the solution was 15 cm. Before the light irradiation, the solu-
tion containing the photocatalyst was kept in the dark for 1 h to
ensure the adsorption/desorption equilibrium between the dye
molecules and photocatalyst surface. Two mL of the solution was
then sampled at specific time points after irradiation to analyze the
concentration of the dye molecules. The photocatalytic performance
was calculated using the following equation:

17 (%)=[(Co— C)/C,]x100 1)
where C, and C, respectively, represent the RhB concentration at
baseline and after light irradiation.

RESULTS AND DISCUSSION

1. Characterization of Samples

The phase and crystalline structure of the samples were analyzed
using XRD. Fig. 1 shows the XRD patterns of the samples synthe-
sized with different PVP amounts. Most of the peaks in the XRD
pattern of P-0 corresponded to the tetragonal crystalline phase of
BiOCI (JCPDS Card No. 06-0249). In addition, three weak peaks
observed at 20=284°, 29.6° and 31.4°, and marked with arrows
were associated with Bi,Mo;O,, with a monoclinic crystalline struc-
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Fig. 1. XRD patterns of samples (a) P-0, (b) P-0.1, (c) P-0.3, (d) P-0.5.
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Table 1. EDS analysis of synthesized samples

Atomic percent (%)

Mo/Bi ratio
OKa ClKa Mola BiMa
P-0 48.30 23.10 6.74 21.86 0.31
P-0.1 50.34 20.16 7.95 21.55 0.37
P-0.3 52.88 17.86 8.48 20.78 0.41
P-0.5 60.39 12.38 9.00 18.23 0.49

ture (JCPDS Card No. 23-1033). For comparison, the XRD pat-
tern of pure-BiOCl is displayed in Fig. S1. XRD patterns of P-0.1,
P-0.3 and P-0.5 in Fig. 1(b)-(d) show negligible change in the peaks
of the crystalline structure of BiOCI in the presence of PVP; in
contrast, increasing the amount of PVP increased the diffraction
peaks of the monodlinic crystalline structure of Bi,Mo,0,,, which
indicated the beneficial of PVP for formation of Bi,Mo;O,, phase.
It is well known that PVP can act as a structure-directing agent
[48-50]. Thus, it can be concluded that the presence of PVP mole-
cules in the reaction solution and their adsorption on nanoparti-
cles during clustering developed the content of Bi,Mo,0,, phase in
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Fig. 3. The SEM images of samples (a) P-0, (b) P-0.1, (c) P-0.3, (d) P-0.5.
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Fig. 2. The FTIR spectra of samples (a) P-0, (b) P-0.1, (c) P-0.3, (d)
P-0.5.

BiOCl/Bi,Mo,0,, composite.
Table 1 and Fig. S2 show the chemical composition of the syn-
thesized samples determined using EDS analysis. Chemical purity
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of the samples was confirmed by observing only O, Cl, Bi and Mo
in their composition. According to the last column of Table 1, the
MO/Bi atomic ratio was 0.31 in P-0, 0.37 in P-0.1, 041 in P-0.3
and 049 in P-0.5, indicating the increase of Mo-to-Bi molar ratio
with increasing the amount of PVP in reaction solution. These results,
in line with the XRD data, confirm the growth of the Bi,Mo0,0,,
phase in BiOCl/Bi,Mo,0,, with the increasing of PVP. Further-
more, as shown in Fig. S2(f), the elemental mapping analysis clearly
reveals the highly uniform distribution of Bi, Mo and Cl elements,
which confirms that the BiOCl and Bi,Mo;0,, are successfully com-
posited and a BiOCl/Bi,Mo;0,, mixed-phase has been formed.

Fig. 2 shows the results of FTIR performed to identify chemical
bonds in the samples. The main peaks of P-0 were observed at 534,
717, 846, 898, 933 and 997 cm ™. The peak at 534 cm " is related
to the Bi-O bond in BiOCl [51] and the peaks found at 717, 846,
898, 933 and 997 cm™" are associated with Mo-O-Mo or O-Mo-O
bonds in the Bi,M0,0,, compound [52-54]. According to Fig. 3,
increasing the amount of PVP, respectively, decreased and increased
the peak intensity of the Bi-O bond and the oxygen-molybdenum
bonds in BiOCl/Bi,Mo0,0,,. Observing the main peak of P-0.5 at
higher levels (720 cm™") than that of P-0.1 and P-0.3 could be at-
tributed to the changes in the octahedral structure and oxygen-
molybdenum bonds of MoOj at higher amounts of PVP,

The morphology of samples was examined using FESEM anal-
ysis. Fig. 3 displays the FESEM images of the samples synthesized
with different amounts of PVP. It can be seen the P-0 sample is
composed of aggregated nanoparticles in the absence of PVP. Thus,
PVP is used as an indispensable capping agent to prevent particle
aggregation [55,56]. Fig. 3(b)-(c) indicates that the synthesized sam-
ples in the presence of PVP display more uniform morphology due
to the growth modifier effect of PVP [55,56]. It is observed the P-
0.1 sample comprises 50-nm thick nanoplates, whereas the P-0.3
and P-0.5 are composed of micro-cubes (marked with arrows)
along with nanoplates, which the number of micro-cubes has in-
creased for P-0.5 sample. It can be said increasing the amount of
PVP in P-0.3 and P-0.5 developed nanoplates in different direc-
tions and formed Bi,Mo,0,, micro-cubes due to the growth mod-
ifier effect of PVP.

The nitrogen adsorption-desorption method was applied to inves-
tigate the porous structure of the samples. As shown in Fig, S3, all
the adsorption-desorption isotherms display type-IV curves with
H3 hysteresis loop, which displays the existence of mesopores [57].
The surface area of P-0, P-0.1 and P-0.5 is 4492 cm’g ', 6.540 cm’g '
and 8472 cm’g ", respectively; which indicates the specific surface
area of the samples are nearly the same (Table 2).

The amount of incident light absorbed on the surface of a semi-
conductor affects its photocatalytic performance and the number

Table 2. BET surface area, pore volume and pore diameter of P-0,

P-0.1 and P-0.5 samples
Sger Pore volume Pore diameter
Sample 2 -1 3 -1
(m’g™) (em’g™) (nm)
P-0 4.492 0.031 27.702
P-0.1 6.540 0.047 28.826
P-0.5 8.472 0.068 34.66
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Fig. 4. UV-vis diffuses reflectance spectra of samples, (a) P-0, (b) P-
0.1, (c) P-0.3, (d) P-0.5.

of electron-hole pairs generated. The present study employed UV-
vis DRS to investigate the optical properties of the semiconductor
powders. Fig. 4 shows the absorption spectra of the synthesized
samples, suggesting the higher absorption intensity of the synthe-
sized samples in the presence of PVP compared to that of P-0 at a
wavelength of 300-500 nm. A red-shift was also observed in the
absorption edge of the synthesized samples in the presence of PVP.
It can be said these samples have a better ability to absorb visible
light, so it is predicted to display better photocatalytic activities for
the degradation of organic molecules such as RhB.

Tauc plot method was used to determine the bandgap of the
samples [58,59]. According to this method, the band gap energy
(Ep) of powder samples can be estimated by (chv)""=A(hv— Ep),
where « is the absorption coefficient, hv is the energy of the inci-
dent photon, n depends on the electron transition in a semicon-
ductor (n=0.5 for direct transition and n=2 for indirect transition),
and A is a constant. The bandgap energy of the semiconductors
was estimated based on the intersection of tangent lines to the lin-
ear parts of each curve with the energy axis.

The band gap energy of pure BiOCl with the energy gap of 3.25
eV in UV region is displayed in Fig. S4. According to the tangent
lines to the curve of P-0 in Fig. 5(a), in addition to a band gap at
3.1eV in the UV region, a shoulder associated with a band gap in
the visible spectrum appeared. The observation of two prominent
band gaps for composite material previously has been reported
[60,61]. Thus, the observed band gap at UV and Vis regions could
be attributed to the BiOCl and Bi,Mo,0,, component in BiOCl/
Bi,Mo,0,, composite, respectively. Moreover, the shoulders of the
visible spectrum in P-0.1 and P-0.3, respectively, shown in Fig. 5(b)
and (c), are associated with increasing amounts of Bi,Mo,0,, in
BiOCl/Bi,Mo0,0,,. According to Fig. 5(d), the shoulders of the UV
and visible band gaps are not distinguishable in P-0.5, and the tan-
gent line to the curve shows only one band gap in the visible region.
This phenomenon can be explained by increased optical absorp-
tion at 300-500 nm in the presence of Bi,M0,0,, compared to in
BiOCl, which confirms the phase increase of Bi,Mo,O,, in P-0.5
sample.

Photoluminescence (PL) emission spectra were employed to

Korean J. Chem. Eng.(Vol. 39, No. 5)
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Fig. 5. The band gap energy of samples (a) P-0, (b) P-0.1 g, (c) P-0.3 g, (d) P-0.5.
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Fig. 6. PL emission spectra of samples at an excitation wavelength
of 270 nm.

investigate the recombination of photogenerated electron-hole pairs.
The higher PL intensity indicates the higher recombination rate of
electrons and holes. Fig. 6 displays the PL emission spectra of the
samples, suggesting the recombination rate of electrons and holes
in P-0 sample is higher than other samples.
2. Photocatalytic Performance

In this study, the photocatalytic ability of the samples was inves-
tigated for decomposition of RhB as a model pollutant under visi-
ble light irradiation. The intensity of the absorption peak at 554
nm was used as a measure of the concentration of RhB molecules
in water [62,63]. Fig. 7 displays the temporal evolution of the ab-
sorption spectra of RhB solution in the presence of P-0.1. The de-
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crease observed in the intensity of the RhB absorption peak under
light radiation in Fig. 7(a) reflects a decrease in the concentration
of RhB molecules as a result of their photocatalytic degradation.
Elimination and photocatalytic degradation rates can be used to
compare the photocatalytic performance of different semiconduc-
tors, including the synthesized photocatalysts (Fig. 7(b) and (c)).
No changes were, however, observed in the concentration of the
RhB solution under light irradiation in the absence of the photo-
catalyst, indicating very low degradation of RhB under visible light
irradiation (ie., no photolysis). The photocatalytic performance in
dye degradation was obtained as 20% in P-0, 99% in P-0.1, 86% in
P-0.3 and 85% in P-0.5. The photocatalytic performance of the
sample synthesized with 0.1 g of PVP (P-0.1) in degrading RhB mol-
ecules was therefore the highest and that of the sample containing
no PVP (P-0) the lowest. Using PVP in synthesizing the samples
was therefore found to significantly improve their photocatalytic
activity. As mentioned, the photocatalytic degradation rate can be
used to compare the performance of photocatalysts. This index
was calculated as the slope of the Ln(C/C,) curve versus irradia-
tion time.

—Ln(C/Cy)=kt @

where k represents the degradation rate and C, and C. respec-
tively. denote the concentration of the RhB solution before and
after the photocatalytic reaction. Fig. 7(c) shows Ln(C/C,) versus
irradiation time and Fig. 7(d) represents the degradation rate (k)
of different photocatalysts. According to Fig. 7(d), k equals 0.002
for P-0, 0.054 for P-0.1, 0.016 for P-0.3 and 0.010 for P-0.5. The
photocatalytic degradation rate of P-0.1 therefore equals 27 times
that of P-0, 3.3 times that of P-0.3 and 5.4 times that of P-0.5. Thus,
it is expected the incorporating PVP into the characterized sam-
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Fig. 7. (a) The UV-vis absorption spectra of RhB solution under light irradiation in the presence of P-0.1 sample, (b) photocatalytic degrada-
tion of RhB under visible light in the presence of synthesized samples, the corresponding (c) —Ln(C/C,) versus irradiation time, and

(d) the kinetic constant.

ples increases their photocatalytic performance by optimizing the
amount of B,Mo;0,, in BIOCI/Bi,M0,0,, and improves the optical
absorption to generate more electron-hole pairs under visible light.

As discussed above, the P-0.1 sample displays the highest pho-
tocatalytic performance. In the following, the main active species
participating in photocatalytic reactions, the photocatalytic stabil-
ity and the effect of initial RhB solution pH on photocatalytic per-
formance of this sample are investigated.

Active species trapping was used to identify the active species
involved in degrading RhB molecules. This study employed K,Cr,O,,
EDTA-2Na, tert-Butyl alcohol (TBA) and benzoquinone (BQ) to
trap electrons, holes, hydroxyl radicals ("OH) and superoxide radi-
cals ('O,), respectively [64,65]. Trapping was performed in the same
way as the photocatalytic test was conducted for RhB degradation,
and its results are presented in Fig. 8(a), suggesting significant reduc-
tion in the photocatalytic performance of the composite nanopar-
ticles of BiOCl/Bi,Mo;0,, in the presence of K,Cr,0, and BQ.
Negligible and no decreases were, however, observed in the pres-
ence of EDTA-2Na and TBA, respectively. Holes were therefore
found to play an insignificant role in degrading RhB molecules,
whereas electrons and superoxide radicals ('O,) significantly con-
tributed to this process. The mechanism of photocatalytic reactions
is displayed in Fig. 8(b).

The stability of the composite photocatalyst BiOCl/Bi,Mo,0,,
was investigated by examining its performance in degrading RhB
molecules in five consecutive cycles. According to Fig. 8(c), approx-
imately 98% of RhB molecules were degraded within five consecu-

tive cycles, which confirmed the stability of the sample for practical
applications. In addition, as shown in Fig. 8(d), the XRD data indi-
cated that the diffraction patterns of P-0.1 sample before and after
photocatalytic reactions display negligible changes, which confirms
the stability of crystalline structure after a photocatalytic reaction.
Given the significant effect of the medium pH on the photocat-
alytic performance of semiconductors, this section examined the
performance of the synthesized composite photocatalyst BiIOCl/
Bi,Mo;0y, in media with different pH values. HCl and NaOH were
therefore used to prepare 10-ppm RhB solutions with pH=3, 7 and
11. After 40 mg of the photocatalyst was added to the RhB solu-
tions, they were kept in the dark for 1 h and then exposed to visi-
ble light. Fig. 9(a) shows the performance of the composite photo-
catalyst versus pH, suggesting its higher performance in acidic than
alkaline media given its negligible performance at pH=11. As is
known, adsorbing RhB molecules by the surface of a photocata-
lyst is essential for beginning a photocatalytic reaction. In this pro-
cess, RhB molecules with a positive charge are adsorbed by metal
oxides with a negative charge, and interactions between RhB mol-
ecules and active electron-hole species degrade RhB molecules. At
pH>7, the repulsive force developed between negatively-charged
RhB molecules through attracting OH™ species and negatively-
charged photocatalyst surface decreases the adsorption of organic
molecules by the photocatalyst [66,67]. Fig. 9(a) shows that 10%,
18% and 32% of RhB molecules were, respectively, eliminated from
the RhB solution with pH=3, 7 and 11 and after being kept in the
dark for one hour. Thus, the lower the pH, the higher the number
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Fig. 9. (a) The effect of pH of RhB solution and (b) catalyst amount on the degradation of RhB under visible light irradiation in the pres-
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of RhB molecules adsorbed by the photocatalyst and the better the
photocatalytic performance.

To investigate the effect of catalyst amount on the photocata-
lytic degradation of RhB, different amount of P-0.1 sample (from
10 to 40 mg) was added to 40 mL of RhB solution with initial con-
centration of 10 mg/L. As shown in Fig. 9(b) the photocatalytic
degradation of RhB solution increased with increasing the amount
of photocatalyst. This behavior is attributed to the increase in the
number of available active sites for adsorption and degradation of
RhB molecules.

CONCLUSION
BiOCl/Bi,Mo,0,, was synthesized as a composite photocatalyst
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using the one-step hydrothermal method. Characterizing the sam-
ples showed the significant effect of PVP on their phase composi-
tion, morphology and optical characteristics. Investigating the pho-
tocatalytic performance of the samples synthesized with different
amounts of PVP showed the highest efficiency in degrading RhB
molecules under visible light irradiation in a sample synthesized in
the presence of 0.1g of PVP It is suggested that incorporating
PVP into the characterized samples increased their photocatalytic
performance by optimizing the amount of Bi,Mo,0,, in BiOCl/
Bi,Mo,0,, composite, which led to improving the optical absorp-
tion to generate more electron-hole pairs and decreasing the recom-
bination rate of electrons and holes. Examining the pH effect of
the dye solution on the photocatalytic performance also showed
the appropriate performance of the sample at pH<7 and its poor
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performance in alkaline media. Identifying active species ultimately
found electrons and superoxide radicals (‘O,) to play key roles in
degrading RhB molecules.
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Fig. S1. XRD patterns of pure-BiOCl sample.
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Fig. S2. The EDS spectrum of samples (a) P-0, (b) P-0.1, (c) P-0.3 and (d) P-0.5, and (e) elemental mapping of P-0.1.
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