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Abstract: The use of new photocatalysts active under visible light in cement-based building materials
represents one interesting alternative to improve the air quality in the urban areas. This work
undertakes the feasibility of using BiOX (X = Cl and I) as an addition on mortars for visible-light-driven
NOx removal. The interaction between BiOX photocatalysts and cement matrix, and the influence
of their addition on the inherent properties of the cement-based materials was studied. The NO
removal by the samples ranking as follows BiOCl-cem > BiOI-cem > TiO2 -cem. The higher efficiency
under visible light of BiOCl-cem might be ascribed to the presence of oxygen vacancies together
with a strong oxidation potential. BiOI-cem suffers a phase transformation of BiOI in alkaline media
to an I-deficient bismuth oxide compound with poor visible light absorbance capability. However,
BiOI-cem showed considerably higher nitrate selectivity that resulted in the highest NOx global
removal efficiency. These results can make its use more environmentally sustainable than TiO2 and
BiOCl cement composites.
Keywords: BiOI; BiOCl; visible; photocatalysis; cement; NOx; selectivity

1. Introduction
Photocatalytic building materials show diverse properties, such as the decomposition of air
contaminants, as well as self-cleaning, antifogging, and self-disinfection [1–6]. Among them, the removal
of nitrogen oxides (NOx ) for air purification is the most extensively studied application due to urgent
demand for technologies to reduce urban pollution from vehicle gaseous exhaust emissions [7,8].
The interest in combining the use of photocatalysts with construction materials has promoted its
application in a wide variety of building materials as supporting media, such as cement mortar, tiles,
paving blocks, glass, and PVC fabric [1]. Among them, cementitious materials are the most widely
used due to their strong binding property and porous structure [2]. Generally, the photocatalyst is
loaded or mixed with cementitious material. When the photocatalyst is exposed to solar light, it can
absorb photon energy and promote electrons to jump from the valence (VB) to the conduction band
(CB) of the semiconductor used producing (h+ ) and free electrons (e− ), respectively. By migration of
these generated species to the surface of the photocatalyst, in the presence of molecules of water and
oxygen adsorbed, the formation of •OH and •O2 − radicals that can participate in redox reactions to
eliminate molecules of pollutants adsorbed is possible.
Among the available photocatalysts, nano-sized titanium dioxide (TiO2 ) is the most widely used
due to its chemical stability, good optical transparency, high refractive index, low cost, and non-chemical
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toxicity. Nevertheless, the limited visible light absorption and high electron-hole recombination rate
are considered the drawbacks of its wide application [9,10].
Recently, there has been considerable research interest in layered composite materials, such as
silicates [11,12], graphene [13–16], perovskites [17], graphitic carbon nitrides [18,19] and layered
double hydroxides [20]. These layered materials possess several extraordinary advantages, such as
high surface area, more surface-active sites, superior electron mobility, and good electron transfer,
endowing them with promising potential for photocatalytic applications. Of these layered materials,
bismuth oxyhalides (BiOX, X = Cl, Br, and I) belong to a new class of promising layered materials
because of their unique layered-structure-mediated fascinating physicochemical properties and suitable
band-structure, as well as their high chemical and optical stability, nontoxicity, low cost, and corrosion
resistance [21,22]. Among all of BiOX materials, BiOI with band gap energy of 1.7 eV exhibits the highest
visible light-driven photocatalytic activity attributed to its smaller band gap [21,23,24]. Many studies
have investigated the removal of nitric oxide gas-phase through pure BiOX photocatalysts, but most
are focused on the performance based on the decrease of NO concentration [10,25–28]. Only a few
reports focus on the final or by-products of NO removal process [9,23,29]. The mechanisms of NO
removal remain unclear in the literature. Generally, NO can be oxidized by either photogenerated
hole or other active species [30–32] to different kinds of products, such as NO2 , HNO2 , and HNO3 .
However, some of these products, such as NO2 , is considerably more toxic than NO [31].
Moreover, very scarce references have been found in relation to the addition of BiOX oxides into
construction materials. For example, Wang et al. [33] prepared cement-based materials with coatings of
BiOBr with photocatalytic activity for the degradation of Rhodamine B and propylene. Mera et al. [28]
prepared ceramic paints and stucco with additions of BiOI photocatalyst. However, this is focused on
the activity of photocatalyst composites based only on the decrease of NO concentration. Few reports
are available about the bonding and interactions between bismuth-based photocatalysts and cement
matrices, and the effects on the inherent properties of the cement-based materials.
In this context, this paper shows the results of the influence of bismuth-based photocatalysts
(BiOI and BiOCl) addition to mortars on the inherent properties of the cement-based materials, and the
interaction between BiOX and the cement matrix. The pollutant removal ability of photocatalyst/cement
samples under visible light was determined by the photocatalytic conversion rate of NO-NOx and
selectivity to nitrates. The photocatalytic performance in the function of physicochemical and optical
properties is critically discussed.
2. Results and Discussion
2.1. Physicochemical Characterization
2.1.1. Photocatalysts
Figure 1 shows the diffraction patterns of both BiOX synthesized samples together with their
reference cards (JCPDS card no. 01-082-0485 and 01-073-2062) for BiOCl and BiOI, respectively. No extra
peaks were observed. The crystalline size from an analysis of the X-ray peak widths using the Scherrer
equation was found to be 8 ± 3 nm for BiOI and 12 ± 4 nm for BiOCl. [34,35]. The grain size is consistent
with previous reports [36,37]. The scatter between reported values may be related with some peaks
indexed were not resolved properly.
Figure 2 shows representative SEM images of the BiOX oxides, where different morphology
can be appreciated in the samples. SEM images of BiOCl and BiOI show that the particles are
of a spherical shape with a flower-like morphology. The size of spheres for BiOCl is a bit higher
than for BiOI, with average diameters of 2 ± 0.5 µm and 1 to 1.5 µm, respectively. The spheres are
composed of nanosheets as elementary units differently packed in both compounds. In the case of
BiOCl, the nanosheets have a thickness of 10 to 20 nm and are densely packed as petals of a flower,
which assembled to form a single flower structure. BiOI oxide presented a similar morphology,
but the nanosheets are not so tightly packed and are thinner (around 5 nm) than in the case of BiOCl
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Figure 2 shows representative SEM images of the BiOX oxides, where different morphology can
be appreciated in the samples. SEM images of BiOCl and BiOI show that the particles are of a
spherical shape with a flower-like morphology. The size of spheres for BiOCl is a bit higher than for
BiOI, with average diameters of 2 ± 0.5 μm and 1 to 1.5 μm, respectively. The spheres are composed
of nanosheets as elementary units differently packed in both compounds. In the case of BiOCl, the
nanosheets have a thickness of 10 to 20 nm and are densely packed as petals of a flower, which
assembled to form a single flower structure. BiOI oxide presented a similar morphology, but the
nanosheets are not so tightly packed and are thinner (around 5 nm) than in the case of BiOCl samples.
Micrometric size can reduce the possible environmental risk associated with the use of nanoparticle
formulations.
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of BiOI photocatalyst powder before and after two weeks of contact with the synthetic cement-pore
patterns of BiOI photocatalyst powder before and after two weeks of contact with the synthetic
solution (named as BiOI-pore) are depicted in Figure 4. As a result, some features were observed. In the
cement-pore solution (named as BiOI-pore) are depicted in Figure 4. As a result, some features were
first instance, the position and intensity of the diffraction lines were modified. The characteristic peak
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synthetic cement-pore solution (BiOI-pore).

Nitrogen adsorption-desorption isotherms for the three photocatalysts are shown in Figure 5a.
BiOX photocatalysts have BET curves of type IV, which is typical of a material with pore-size
distribution in the mesoporous region [23]. TiO2 isotherm presents a shape type II, which reveals the
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From Figure 7 it can be noticed that BiOI-cem shown an additional peak around 725 ◦ C followed
by a more remarkable exothermic phenomenon that on Ref-cem sample which can be associated
with the generation of new substance from the decomposition of BiOI photocatalyst. Previous work
indicated that thermal stability BiOX is <525 ◦ C (BiOI) and <675 ◦ C (BiOCl) in air atmosphere [48].
Transformation of BiOI into Bi5 O7 I and Bi2 O3 from 600 to 850 with the release of I2 around has been
reported previously [44,48]. Provided that Bi5 O7 I is much more resistant to the hydrolysis in basic
media that BiOI, and that Bi2 O3 are related in equilibrium with Bi5 O7 I, the peak that appears in the TG
for BiOI-cem can be attributed to a mix of Bi5 O7 I and Bi2 O3 [43]. Thus, the decomposition of BiOI is
not easy to be calculated as it is interfered with by other phases. The weight loss of BiOI considering
a complete transformation of BiOI into Bi5 O7 I is about 8.32%. The values of quantities of the different
phases coming from the cement are quite similar, not observing big differences between the different
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for
BiOI-cem can beofattributed
a mix
Bi5Oabout
7I and Bi2O3 [43]. Thus, the decomposition of BiOI is
oxide
containing
mortars,
with
the
difference
that
agglomerates
were
much
smaller
those of
not easy to be calculated as it is interfered with by other phases. The
weight
loss
of BiOIthan
considering
andtransformation
therefore it is better
dispersed
in7Ithe
matrix,
which
is not
in agreement
with
aBiOCl,
complete
of BiOI
into Bi5O
is about
8.32%.
The
values
of quantities
of the
the sediment
different
trials.
Further
research
is
needed
to
clarify
this
aspect.
Additionally,
the
correspondence
of
Bi
and I in
phases coming from the cement are quite similar, not observing big differences between the different
the
mapping
is
not
so
clear,
finding
I
associated
with
the
aggregates
related
with
the
dissociation
or
mortars, being the most relevant aspect the smaller amount of portlandite of the sample BiOI-cem,
reactiondue
of BiOI
some
of the
cement
paste,
in agreement
with the
maybe
to thewith
uptake
of other
Ca+ bycomponent
the products
of the
reaction
with
BiOI (see Figure
4). formation of
other phases in alkaline media. Figure 8 presents the images of TiO2 -cem. It can be observed that TiO2
is distributed homogeneously in the paste of the mortars, finding some more concentrated layers in
the interphase with the aggregates.
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Figure 8 shows SEM, BSE, and the corresponding elemental mapping images (Bi, Cl, I, and Ti)
obtained for the different cement-based samples at the age of 28 days. TiO2-cem and Ref-cem samples
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mortars at the age of 28 days. Red circles in SEM images corresponding with BiOX particles.

Table
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ofsome
adding
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The BiOCl
particles
embedded
in the matrix
mortar
were
easily
distinguishable
specific
photocatalysts,
especially
for
BiOX
samples.
The
higher
S
was
obtained
by
BiOCl-cem
followed
BET pictures). In BSE mode, they are visible
areas due to their peculiar morphology (red circles in the SEM
by
BiOI-cem,
TiO
-cem,
and
finally,
the
reference
mortar.
The
results
of MIP
analysis
alsoparticles
given
2
as a bright agglomeration of particles, which is corroborated by
mapping
of Bi
and Cl.are
Thus,
inofTable
3,
where
it
can
be
seen
that
even
though
the
total
porosity
of
the
BiOX-cem
samples
is
a bit
BiOCl were not distributed uniformly in the bulk of mortar, but in a flocculated manner with
an
higher
than
the
other
samples,
no
significant
differences
have
been
found.
agglomeration of particles, that can reach about 70 μm. The same behavior took place for BiOI oxide

containing
mortars, with the difference that agglomerates were much smaller than those of BiOCl,
Table 3. Brunauer–Emmett–Teller (BET) and mercury intrusion porosimetry (MIP) results of mortar
andtested
therefore
it is better dispersed in the matrix, which is not in agreement with the sediment trials.
samples.
Further research is needed to clarify this aspect. Additionally, the correspondence of Bi and I in the
2 −1 )
Bulk
Density
* (g/mL) related
Total Porosity
* (%
vol)
mappingSamples
is not so clear, Sfinding
I associated
with
the aggregates
with the
dissociation
or
BET (m g
reaction of
BiOI
with
some
other
component
of
the
cement
paste,
in
agreement
with
the
formation
of
Ref-cem
4.7
2.12
14.3
BiOCl-cem
12.7
2.08
16.2
other phases in alkaline media. Figure 8 presents the images of TiO2-cem. It can be observed that TiO2
BiOI-cem
2.09 finding some more concentrated
15.4
is distributed
homogeneously10.1
in the paste of the mortars,
layers in
TiO2 -cem
7.39
2.11
14.9
the interphase with the aggregates.
* Results from MIP (range pores 0.01–100 µm).
Table 3 shows the SBET for
the different mortars, being much higher in the case of adding the
photocatalysts, especially for BiOX samples. The higher SBET was obtained by BiOCl-cem followed by
A more detailed analysis can be performed by observing the accumulated and differential pore
BiOI-cem, TiO2-cem, and finally, the reference mortar. The results of MIP analysis are also given in
size distribution, as shown in Figure 9. The reference mortar presents a bimodal pattern, with maxima
Table 3, where it can be seen that even though the total porosity of the BiOX-cem samples is a bit
at around 0.2 and 1 µm. This trend is maintained for the BiOX-cem, presenting some differences among
higher than the other samples, no significant differences have been found.
them and with the reference. Both samples shifted the maxima corresponding to big pores toward
bigger sizes (around 2 µm). Concerning the smaller pores, BiOCl increases its amount with a shift of
the maxima to 0.1 µm and a higher amount from 0.1–0.01 µm. BiOI maintains the maximum at 0.2 µm
with a peak higher than the reference. The addition of TiO2 acts as a filler of higher pores leading to
a refinement of the porosity, with a single-mode pore distribution towards smaller pores, encountering

size distribution, as shown in Figure 9. The reference mortar presents a bimodal pattern, with maxima
at around 0.2 and 1 μm. This trend is maintained for the BiOX-cem, presenting some differences
among them and with the reference. Both samples shifted the maxima corresponding to big pores
toward bigger sizes (around 2 μm). Concerning the smaller pores, BiOCl increases its amount with a
shift of the maxima to 0.1 μm and a higher amount from 0.1–0.01 μm. BiOI maintains the maximum
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at 0.2 μm with a peak higher than the reference. The addition of TiO2 acts as a filler of higher pores
leading to a refinement of the porosity, with a single-mode pore distribution towards smaller pores,
a broad
maximum
atthan
around
smaller
than
0.5 μm.
results are
inthe
accordance
with
a encountering
broad maximum
at around
smaller
0.5 µm.
These
results
are These
in accordance
with
BET specific
the BET
specific
surface
area results
surface
area
results
mentioned
above. mentioned above.

Figure 9. (a) Cumulative curves of the pore size distribution and (b) log differential intrusion with
Figure
(a) Cumulative
curves of thecement-based
pore size distribution
and (b) log
differential intrusion with
pore
size 9.
diameter
of the photocatalytic
samples obtained
by MIP.
pore size diameter of the photocatalytic cement-based samples obtained by MIP.

2.2. Optical Properties

2.2.Figure
Optical10a
Properties
shows the UV−Vis DRS spectra of pure photocatalysts (including BiOI in the synthetic
pore solution)
and
cement/photocatalyst
specimens.
exhibit strong
in
2 and BiOCl(including
Figure 10a
shows
the UV−Vis DRS spectra
of pureTiO
photocatalysts
BiOI absorption
in the synthetic
the
ultraviolet
region,
and
BiOI
shows
UV
and
visible-light
absorption.
A
noticeable
change
in
the
pore solution) and cement/photocatalyst specimens. TiO2 and BiOCl exhibit strong absorption in the
absorption
wasand
observed
in the UV
of the BiOI-pore
sample due
to previously
explained
ultravioletedges
region,
BiOI shows
UVregion
and visible-light
absorption.
A noticeable
change
in the
phase
transformation
BiOI intoinalkaline
aqueous
cementitious
mixture repeated
absorption
edges wasofobserved
the UVpH
region
of thesolutions.
BiOI-poreThe
sample
due to previously
explained
the
sametransformation
behavior but with
much
values
light absorption
see Figure
10b. repeated
phase
of BiOI
intolower
alkaline
pH of
aqueous
solutions. intensity,
The cementitious
mixture
The
E
values
of
the
pure
catalysts
samples
could
be
thus
estimated
from
the
intercept
the same gbehavior but with much lower values of light absorption intensity, see Figure 10b. of the
tangent with the baseline absorption data from a plot of F(R)hν1/2 and F(R)hν2 versus the photon
energy (hν) for indirect and direct transitions, as shown in Figure 10c,d respectively [2] and [49]. TiO2
and BiOCl have large bang gap, while BiOI has a band gap of 1.93 eV (2.35 Ev, direct transitions),
which is suitable for visible-light excitation. BiOI-pore sample shift towards to 2.35 eV (see Table 4).
The estimated band gap values of BiOX samples [21,23,29] and Aeroxide® TiO2 [46,50,51] are within
the acceptable range previously reported. The scatter between reported values may be related with
different micro/nanostructure and morphology of the semiconductors, which may modify the band
gap as a result.
The conduction band (ECB ) and valence band (EVB ) potentials of BiOX photocatalysts samples at
the point of zero charge (pHzpc) can be predicted by the equations (Equations (1) and (2)) [4,21]:
ECB = χ − EC − 0.5E g

(1)

EVB = ECB + E g

(2)

where χ is the absolute electronegativity of the semiconductor, EC is the energy of free electrons on
the hydrogen scale (∼4.5 eV), and Eg is the band-gap energy of indirect and direct transitions of the
semiconductor obtained by DRS measurements. The potential data of BiOX photocatalysts are listed
in Table 4. The potential values of VB and CB of TiO2 were selected from our previous publication
obtained by X-ray photoelectron spectroscopy [46].
According to this result, a schematic illustration of the band-gap structures for the photocatalyst
samples can be drawn as is shown in Figure 11. The standard energy potentials for O2 /•O2 − (−0.33 eV),
H2 O/•OH (+2.72 eV) and OH− /•OH (+1.85–2.00 eV; pH = 12–14) have been also included. TiO2 and
BiOCl are able to oxidize both OH− /H2 O to •OH by the photogenerated holes. However, BiOI is
able to oxidize only the OH− groups to •OH radicals at alkaline pHs. The VB potential of BiOCl
is 3.53 eV (3.70 eV, direct transitions), which means that it possesses strong oxidation ability. On
the other hand, the VB potential of TiO2 and BiOI decreases to 2.80 and 2.46 eV (2.67 eV, direct

Catalysts 2020, 10, 226

10 of 21

transitions) respectively, indicating that the oxidation ability of photogenerated holes is becoming
poorer. The phase transformation of BiOI to I-deficient bismuth oxyiodide compounds into alkaline
pH aqueous solutions (BiOI-pore) turns the VB potential to be much more positive than the precursor
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Figure10.10.
Kubelka–Munk
absorption
of (a) pure-photocatalysts
and (b) cement1/2
(c)
plots of (FRhv)(c) vs.
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energy1/2(hv)
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The Eg values of the pure catalysts samples could be thus estimated from the intercept of the
tangent with the baseline absorption data from a plot of F(R)hν1/2 and F(R)hν2 versus the photon energy
(hν) for indirect and direct transitions, as shown in Figure 10c,d respectively [2] and [49]. TiO2 and
BiOCl have large bang gap, while BiOI has a band gap of 1.93 eV (2.35 Ev, direct transitions), which
is suitable for visible-light excitation. BiOI-pore sample shift towards to 2.35 eV (see Table 4). The
estimated band gap values of BiOX samples [21,23,29] and Aeroxide® TiO2 [46,50,51] are within the
acceptable range previously reported. The scatter between reported values may be related with
different micro/nanostructure and morphology of the semiconductors, which may modify the band
gap as a result.
The conduction band (ECB) and valence band (EVB) potentials of BiOX photocatalysts samples at
the point of zero charge (pHzpc) can be predicted by the equations (Equations (1) and (2)) [4,21]:
=

−

− 0.5

(1)
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Table 4. Absolute electronegativity (χ), estimated band gap (Eg) from DRS measurements and calculated
The presence of these CB bands of higher potential for the BiOX samples has been supported
ECV and EVB of BiOX photocatalysts.

with the evaluation of the main reactive species as determined by Electron Paramagnetic Resonance
ECB
EVB
Eg
ECBwere carried
EVB
(EPR) using an EMX micro 6/1 Bruker ESREgspectrometer.
The
EPR measurements
out in
X
(eV)
(eV)
(eV)
(eV)
(eV)
(eV)
neutral media Sample
and Dimethyl-1-pyrroline N-oxide (DMPO) was used to capture •OH and •O2‒. Figure
(eV)
Direct over BiOCl pure
12a demonstrates the generation of both •OH Indirect
and •O2‒ photo-induced radicals
‒
a
oxides. For BiOI,
it was possible
to detect
the signals
2 and the
absence−0.03
of •OH 3.70
(Figure 12b).
BiOCl
6.33
3.40
0.13 of •O3.53
3.73
5.99 a implies
1.93the existence
0.53
2.35 CB, and
−0.32then, the
2.67promoted
The production BiOI
of •O2‒ in both cases
of 2.46
the reformed
(Bi2 oxygen
O3 )
2.35 •O2‒.0.32
2.67the EPR
2.85results0.07
2.92
5.99 bgenerate
electrons BiOI-pore
can reduce
and
Likewise,
also corroborate
the
BiOI-pore (Bi5 O7 I)
6.17 c
2.35
0.49
2.85
2.85
0.25
3.10
theoretical VB position of the diagram in Figure 12. BiOCl is able to produce OH• from the oxidation
a data were selected from the CRC handbook of chemistry and physics (87th edn, 2006–2007), b Electronegativity of
of H2O
molecule due to the energy position of their VB is much more negative than +2.72 eV. In
Bi2 O3 [53], and c Electronegativity of Bi5 O7 I [44].
contrast, the BiOI-VB position has not enough energy potential to oxidize water, and therefore •OH
is not detected.
Concerning to the CB, theoretically, only TiO2 has sufficient energy potential to turn O2 to •O2 − .
However, according to some researchers [54–56] under visible light irradiation, the photoinduced
electrons of BiOI could jump to a reformed higher CB potential, ~−0.56 eV which is sufficient to reduce
O2 to generate •O2 − . A similar band width photocatalytic mechanism also happens for BiOCl.
The presence of these CB bands of higher potential for the BiOX samples has been supported
with the evaluation of the main reactive species as determined by Electron Paramagnetic Resonance
(EPR) using an EMX micro 6/1 Bruker ESR spectrometer. The EPR measurements were carried out
in neutral media and Dimethyl-1-pyrroline N-oxide (DMPO) was used to capture •OH and •O2 − .
Figure 12a demonstrates the generation of both •OH and •O2 − photo-induced radicals over BiOCl
pure oxides. For BiOI, it was possible to detect the signals of •O2 − and the absence of •OH (Figure 12b).
The production of •O2 − in both cases implies the existence of the reformed CB, and then, the promoted
electrons can reduce oxygen and generate •O2 − . Likewise, the EPR results also corroborate the
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theoretical VB position of the diagram in Figure 12. BiOCl is able to produce OH• from the oxidation
of H2 O molecule due to the energy position of their VB is much more negative than +2.72 eV.
In contrast, the BiOI-VB position has not enough energy potential to oxidize water, and therefore •OH
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2.3. Photocatalytic Activity
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The photocatalytic performance of cement/BiOX composites samples (BiOCl-cem and BiOI-cem)
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were also
evaluated
same conditions. As expected, Ref-cem did not present any
cem
were
also
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same
conditions.
As expected,
Ref-cemphotocatalytic
did not present
any
efficiency (data not included). The other
three
photocatalytic
mortars showed
activity.
efficiency
(data not
included).of
The
other three
photocatalytic mortars showed photocatalytic activity.
Figure
13 shows
the summary
NO-NO
x removal and NO2 formed (η) over the photocatalytic mortar
Figure
13
shows
the
summary
of
NO-NO
x removal and NO2 formed (η) over the photocatalytic
samples under 30 min of visible-light irradiation. The highest conversion degree of NO (7.6%) was
mortar samples
under 30
min of by
visible-light
The
highest
conversion
degree of
NOsimilar.
(7.6%)
reached
for BiOCl-cem
followed
BiOI-cem irradiation.
and TiO2 -cem
with
results
for NO removal
quite
was reached
BiOCl-cem
followed
by BiOI-cem
and TiO
2-cem with results for NO removal quite
Provided
thatfor
BiOCl-cem
can
only absorb
a very small
amount
of visible light because of its wide
can
only
absorb
a
similar.
Provided
that
BiOCl-cem
very
small
amount
of visible
light because
of its
band, its higher photocatalytic activity under visible light might be
ascribed
to the presence
of oxygen
wide band,
activity under
visible light
might
be ascribed
to provides
the presence
of
vacancies,
asits
in higher
the casephotocatalytic
of TiO2 -cem [46,56,57].
Furthermore,
the VB
potential
of BiOCl
strong
2+
oxygen
vacancies,
as
in
the
case
of
TiO
2-cem [46,56,57]. Furthermore, the
VB
potential
of
BiOCl
oxidation ability and the special crystal structures of BiOX whose [Bi2 O2 ] slabs and interleaved
provides strong oxidation ability and the special crystal structures of BiOX whose[Bi2O2]2+ slabs and
interleaved halogen-ion layers are favorable to the formation of a self-built internal static electric field,
which is very beneficial to the separation and migration of photo-induced electrons and holes
[22,55,56,58]. The BiOI-cem sample showed low visible light activity (4.8%), even almost comparable
with TiO2-cem (4.3%). Even though BiOI photocatalyst is suitable for visible-light excitation, its low
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positive than pure BiOI, their absorption of visible light decreases considerably (see Figure 10b).
The BiOI-cem sample showed low visible light activity (4.8%), even almost comparable with TiO2 -cem
It is remarkable the higher nitrate selectivity of the BiOI-cem sample and the undesirable
(4.3%). Even though BiOI photocatalyst is suitable for visible-light excitation, its low NO removal
production of NO2 from the other two samples. This is a very important aspect as being NO2 more
activity can be ascribed to that its oxidation ability is much smaller, being the production of •OH only
toxic than NO, the global effect would be negative for the environment and public health. Thus,
possible from the oxidation of OH-. In addition, it can be also ascribed to the phase transformation of
nitrate selectivity has to be considered when evaluating photocatalyst performance [59]. The
BiOI to I-deficient bismuth oxyiodide compounds into the alkaline media of cementitious matrixes
mechanism of NOx removal is very complex, and it is not completely understood yet. There are
(Bi2 O3 and Bi5 O7 I). Although these compounds show a VB potential more positive than pure BiOI,
several theories about factors that affect selectivity. The possible causes are out of the scope of this
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production of NO2 from the other two samples. This is a very important aspect as being NO2 more
toxic
than NO, the global effect would be negative for the environment and public health. Thus, nitrate
3. Experimental
selectivity has to be considered when evaluating photocatalyst performance [59]. The mechanism of
NOx
removalofisBiOX
very complex,
it is not completely understood yet. There are several theories
3.1. Synthesis
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about factors that affect selectivity. The possible causes are out of the scope of this paper and they will
be studied next by the authors.
3. Experimental
3.1. Synthesis of BiOX (X = Cl and I) Powders
BiOCl oxide was prepared by co-precipitation synthesis starting from bismuth (III) nitrate
pentahydrate (Bi(NO3 )3 .5H2 O, Sigma Aldrich, 98%), acetic acid (C2 H4 O2 , Fermont, 99.8%),
ethylenediaminetetraacetic acid disodium salt (EDTA, DEQ, 99.7%) and potassium chloride (KCl, DEQ,
99.5%). All reagents were directly used as received without any additional purification. In a typical
procedure, 0.1 M solution of Bi(NO3 )3 .5H2 O in acetic acid (9% V/V) was prepared using magnetic
stirring. Separately, solutions 0.1 M of EDTA and potassium chloride dissolved in deionized water
were also prepared. In the first step, 40 mL of EDTA solution and 100 mL Bi(NO3 )3 .5H2 O solution
were mixed by dropping. After 30 min of continuous stirring, 60 mL of KCl solution was added drop
by drop and then the resulting mixture was continuously stirred for 24 h at room temperature. After
the reaction time, the powder was separated by filtration and washed three times with deionized water
and two times with ethanol. Finally, the product was dried in an electrical oven at 70 ◦ C for 24 h.
The synthesis of BiOI involved the preparation of 10 mL of nitrate bismuth and potassium
iodide 0.1 M solutions (KI, DEQ, 99.5%) in ethylene glycol (C2 H6 O2 , Fermont, 99.9%). In a first step,
KI solution was added drop by drop in Bi(NO3 )3 .5H2 O solution with vigorous stirring. The resulting
solution was transferred into a 30-mL quartz tube that was sealed with a silicone septum and placed
into a Monowave 300 Anton Paar microwave reactor. Then, the mixture was heated to 125 ◦ C within
3 min and kept at this temperature for 15 min with continuous magnetic stirring at 800 rpm. After
being cooled down to 70 ◦ C, the powder formed was filtered and washed three times with deionized
water and two times with ethanol. Finally, the product was dried in an oven at 70 ◦ C for 24 h.
3.2. Preparation of Cement-Based Samples
All the mortar mixes were prepared according to UNE-EN-196-1 with a cement:sand ratio of
1:3 using Portland cement BLI 52.5 R. The elemental composition of cement in wt.%, determined by
X-ray fluorescence (XRF) was (loss of ignition 2.74): CaO: 66.07, SiO2 : 20.67, Al2 O3 : 4.18, Fe2 O3 : 0.27,
MgO: 0.44, SO3 : 2.90, P2 O5 : 0.06, K2 O:0.6, Cl 0.02 and TiO2 : 0.24. BiOCl and BiOI were incorporated
into the mortar mixture at 10 w% by cement. For comparative purposes, a mixture with commercial
TiO2 (10 w%, Aeroxide® TiO2 -P25 from Evonik 75% anatase and 25% rutile) and another mixture
without photocatalyst were also prepared. The obtained samples were labeled as, BiOCl-cem, BiOI-cem,
TiO2 -cem, and Ref-cem, respectively. The water-to-cement ratio was kept at 0.58 in all photocatalytic
mixtures and 0.50 for the reference sample. The samples were cured in an environmental chamber
(25 ± 2 ◦ C and RH > 95%) for 28 days.
3.3. Physicochemical Characterization
3.3.1. Photocatalysts Powders
The crystalline phases of as-synthesized BiOX photocatalysts were characterized by X-ray powder
diffraction (XRD) in a Bruker D8 Advance diffractometer with radiation of CuKα (40 kV, 30 mA).
The morphology was characterized by scanning electron microscopy (BSE-SEM) using a Hitachi
S-4800 microscope.
Sedimentation trials of photocatalysts using 4 mL of the synthetic solution of the alkaline-like pore
of mortars according to previous works [38,60] and the same volume of every catalyst were carried out
based on the described procedure by Folli et al. [38]. The composition of the pore-cement solution was
48.9 mmol/L Na2 SO4 , 21.2 mmol/L Ca(OH)2 , 106.2 mmol/L KOH and 37 mmol/L K2 SO4 leading to
a pH of 12.87.
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3.3.2. Cement-Based Materials
Fresh state and hardened characteristics of cement-based materials were evaluated following the
procedure described in the UNE-EN-1015-7 standard. Compressive strength tests were carried out on
the 4 × 4 × 16 cm cubic specimens according to UNE-EN-1015-11 standard. Electrical resistivity tests
were carried out in specimens with dimensions of 40 × 40 × 160 mm using the direct method with
an Escort ELC-131 D equipment [61].
XRD and BSE-SEM analysis were performed in a Bruker Advance-D8 diffractometer and a Hitachi
S-4800 scanning electron microscope, respectively. TG-TDA measurements were performed under N2
gas with a heating rate of 10 ◦ C/min using an SDT Q600 equipment from room temperature to 1000 ◦ C.
The specific surface area was measured by N2 physisorption through the Brunauer–Emmett–Teller
(BET) method, and the porosity and pore size distribution of the mortars were determined by means of
mercury intrusion porosimetry (MIP) using an AutoPore IV 9500 Micromeritics.
3.4. Optical Properties
Shimadzu UV-VIS spectrophotometer model UV-2600 was used to obtain the diffuse reflectance
spectra (DRS) of pure photocatalysts and cement-based samples. The reflectance values were converted
to absorption data according to the Kubelka–Munk method [46].
In order to obtain the band edge (Eg) values of photocatalyst samples, the Kubelka−Munk optical
absorption coefficients [F(R)] were plotted using Tauc’s relation (Equation (3))
F(R)hν = (hν − Eg)n

(3)

where F(R), hν and Eg are the Kubelka−Munk optical absorption coefficient, energy of the incident
photon, and band gap energy, respectively. Among them, n depends on the characteristics of the
transition in a semiconductor (i.e., n = 2 for indirect transition or n = 1/2 for direct transition) [46].
3.5. Photocatalytic Performance
The photocatalytic performance of the mortars was evaluated measuring the removal of NOx
(NO + NO2 ) in gas phase under visible-light irradiation in a continuous flow reactor based on
the requirements of ISO standard 22197-1:2007. As inlet gas, nitric oxide (NO) diluted in air with
a concentration of 1000 ± 50 ppb and flow rate controlled at 3 L/min was used. After reaching the
adsorption-desorption equilibrium of NO (30 min), the lamps were turned on for 30 min. Two fluorescent
lamps Philips-MASTER TL-D Super 80 15 W (16,000 Lux). The lamp spectra are given in Figure 14.
The relative humidity was maintained at about 50% ± 5% at a temperature of 25 ◦ C. A normalized
test piece surface area of 49.25 cm2 was used. The concentration of NO and intermediate products,
NO2, was measured with a chemiluminescent NOx analyzer (AC32M Environmental S.A.). Efficiencies
(η) for NO removed, NO2 formed, and total NOx removal were determined separately according to
Equations (4)–(6).
NOin − NOout
ηNOremoved =
× 100
(4)
NOin
ηNO2 f ormed =

NO2out − NO2in
× 100
NO2out

ηNOxremoval = ηNOremoved − ηNO2 f ormed

(5)
(6)
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Finally, the NO3 − selectivity (i.e., the ratio of NO converted to nitrates) was derived according to
4.
Conclusions
Equation (7).
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