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Abstract: The potential of photocatalysts modified cement-based materials in degrading environ-
mental pollutants is evident in previous studies, but the application of photocatalytic cement-based
materials still appears limited in actual practice due to the dispersion effect. This work seeks to
prepare photocatalytic cement paste by mixing cement with BiOBr precursor solutions in terms of
the improvement of dispersion efficiency, and additional hydrothermal conditions provided by auto-
claved curing period are required to activate the photocatalytic activity of photocatalysts crystals. The
presence of BiOBr precursor solutions results in an increase of RhB degradation rate of up to 45.4%
and the NOx removal efficiency was up to 4.4%, and the formation of BiOBr photocatalysts crystals is
the main reason for photocatalytic performance enhancement. The morphology of photocatalysts and
the pore size distribution of cement paste also contribute to the photocatalytic activity enhancement
by the exposed surface of photocatalysts, which are supported by the analyses of Scanning Electron
Microscope and Mercury Intrusion Porosimetry results. A new mechanism is suggested to explain
the synergistic role of crystals and microstructure on the enhancement of photocatalytic activity with
the extension of autoclaved curing time. As supports for photocatalysts, the development changes of
compressive strength of cement paste are also discussed.

Keywords: photocatalysis; RhB degradation and NOx removal; microstructure; BiOBr; cement

1. Introduction

The challenge to maintain air quality has become ever more pressing and acute in
modern cities worldwide, with oxides of nitrogen (mainly NO and NO2) from vehicles
or other combustion emissions exceeding the limit values, becoming a global issue [1].
Furthermore, the increasing exposed facades of buildings are at high risk of massive solid
pollutants invasion, and these structures must be cleaned periodically for the aesthetic
surface; furthermore, these solid pollutants may aggravate the deterioration process of the
cement structure [2]. In this context, photocatalytic modification of cement-based materials,
as the most widely used construction materials and a photocatalysts support, has been the
subject of several feasible strategies to tackle these two important issues.

However, despite the incorporation of photocatalysts particles endowing the cement-
based materials with excellent photocatalytic properties in air purification [3–5], self-
cleaning [6], and self-sterilizing [7], the widespread application of photocatalytic tech-
nology in civil engineering practices is still somewhat limited. On the one hand, the
homogeneous dispersion of photocatalysts particles in cement is challenging due to the
agglomeration. A highly alkaline and calcium-rich cement environment can promote
agglomeration, and cement hydrates deposited on the surface may occlude underlying
photocatalysts clusters [8–10]. On the other hand, the limited visible light absorption and
high electron–hole recombination of traditional photocatalysts may hinder value-added
photocatalytic function to the cement-based materials [11,12]. The high surface energy of
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nanoparticles is the main reason for their agglomeration, and some physical and chemical
treatments have been addressed, such as ultrasound irradiation [13] and polymer disper-
sant [14–16]. Furthermore, traditional visible light response advantages of photocatalysts
are derived from the modification, including ions doping [17], noble metal deposition [18],
and semiconductor composite [19]. However, a novel photocatalyst with visible light
response and simple hydrothermal synthesis condition is another alternative strategy.

BiOX (X = Cl, Br, I) is a kind of indirect band gap semiconductor with visible light re-
sponse, the layered structure can efficiently inhibit the electron–hole recombination [20,21],
and the photocatalytic performance is also related to the layer changes in structure and
morphology [22]. Among these candidate photocatalysts, there is a growing interest in
BiOBr photocatalyst due to the desirable band gap and eminent chemical stability [23,24],
and the BiOBr crystals can be obtained after hydrothermal treatment of stable precursor
solutions. Despite some strategies that have been developed to improve the photocatalytic
performance of BiOBr, such as the element doping [25] and the construction of heterojunc-
tion [26], multi-step synthesis or elaborate operation must be considered. There is one
impressive work reported on doping BiOBr with indium by a simple room temperature
synthesis process, but chlorine in raw materials can cause irreparable damage to cement-
based materials [27]. In this context, the original one-pot synthesis at room temperature
was utilized to prepare BiOBr precursor solution, and redundant ions were excluded as best
as possible. The preparation of cement paste is the reaction between cement clinkers and
water, and BiOBr precursor particles can well be dispersed in the solutions, which means
cement clinkers can react with water from the solutions with the BiOBr precursor particles
uniformly incorporated in cement paste matrices. Some studies suggested that BiOBr
crystals with different morphology and size were obtained after undergoing a solvothermal
process under different temperatures [28–30], and concerning the autoclaved curing has
been successfully applied in the field of promoting cement hydration reaction, autoclaved
curing conditions seem to satisfy the temperature to activate the photocatalytic activity of
BiOBr crystals as well. Moreover, because of the potential effects of high pH value induced
by the cement hydration and pore structure of hydration products, the formation and
photocatalytic activity of BiOBr crystals have not been determined.

In the present work, concerning an applicable temperature for both crystals formation
and cement hydration, cement paste mixed with two diverse precursor solutions was cured
at 160 ◦C [31,32]. In fact, although the high temperature can indeed cause detrimental pore
structure consequences, the increase in porosity may improve photocatalytic activity [33,34].
This work aims to study the photocatalytic performance of cement paste modified by BiOBr
precursor solutions under visible light irradiation, measured at different autoclaved curing
times. Moreover, the possible photocatalytic activity enhancement factors of modified
cement paste are suggested in the view of the crystallinity and morphology of photocata-
lysts crystals and the microstructure of cement paste matrices. The synergistic effects of
precursor particles and microstructure on the development process of compressive strength
of cement paste were also evaluated.

2. Materials and Methods
2.1. Materials and Sample Preparation
2.1.1. Materials

White cement (P.W 52.5) and mains water were used to prepare cement paste. Bismuth
nitrate pentahydrate (Bi(NO3)3·5H2O) and sodium bromide (NaBr), as resource materials
of BiOBr precursor solutions, were purchased from China National Pharmaceutical Group
Corporation (Sinopharm). As bismuth nitrate pentahydrate is basically insoluble in water,
two typical low-carbon organic or inorganic solvents—ethylene glycol (C2H6O2) and nitric
acid (HNO3)—were used to dissolve bismuth nitrate pentahydrate.
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2.1.2. Mixing BiOBr Precursor Solutions

An ambient temperature mixing process was employed to prepare BiOBr precursor
solutions. First, 27 g of Bi(NO3)3·5H2O (1.5 wt.% of cement mass ratio) was dissolved
in ethylene glycol (C2H6O2, 40 mL) or nitric acid (HNO3, 1 mol/L, 250 mL) under the
condition of the ultrasonic environment, with stirring until the solutions were completely
transparent. Then, the obtained solutions were added dropwise into 630 g water or 380 g
water, respectively, which were both dissolved 5.727 g NaBr (ensuring that the consistency
of water-to-cement ratio of cement paste as far as possible). Next, the two solutions
became opalescent and were exposed to ultrasonic container until they were used to cast
cement paste.

2.1.3. Preparation of Photocatalytic Cement Paste

Mains water and two precursor solutions were employed to blend cement paste sam-
ples, and the mass ratio of water to cement is 0.35. The measured white cement was put into
a mechanical mixer, then water or precursor solution was added. The cement paste was wet
mixed for 4 min in an automatic blending program before cast in a 4 cm × 4 cm × 16 cm
mold, then the mold was vibrated by a vibrating table to ensure thorough compaction and
covered with a plastic sheet.

Cement paste samples were cured in two different curing methods. The samples were
allowed to cure in the climate chamber at 95% relative humidity and 20 ± 2 ◦C for 12 h,
then the samples were demolded and were divided into two groups. One group of samples
continued to proceed with standard curing in the humid chamber and the other group
of samples was placed into an autoclave. Three gradients of the autoclaved curing time
were set (160 ◦C last for 2 h, 4 h, 6 h), after autoclaved curing, samples were cooled to room
temperature with a fan. In autoclaved curing, samples cast by cement and mains water are
labeled Control-X, where X is the autoclaved curing time (X = 2 h, 4 h, 6 h). Two modified
photocatalytic samples are denoted as BiOBr-1-X (ethylene glycol as solvent) and BiOBr-2-X
(nitric acid as solvent), where X is the same representation as above. The reference samples
with standard curing were named Control, BiOBr-1, and BiOBr-2, respectively. The detailed
components and curing methods of cement paste samples are listed in Table 1.

Table 1. Components and curing methods of cement paste samples.

Sample Cement Water
Precursor Solution Autoclaved

CuringBi(NO3)3·5H2O NaBr C2H6O2 HNO3

Control 1800 g 630 g
0 hBiOBr-1 1800 g 630 g 27 g 5.727 g 40 mL

BiOBr-2 1800 g 380 g 27 g 5.727 g 250 mL

Control-2h 1800 g 630 g
2 hBiOBr-1-2h 1800 g 630 g 27 g 5.727 g 40 mL

BiOBr-2-2h 1800 g 380 g 27 g 5.727 g 250 mL

Control-4h 1800 g 630 g
4 hBiOBr-1-4h 1800 g 630 g 27 g 5.727 g 40 mL

BiOBr-2-4h 1800 g 380 g 27 g 5.727 g 250 mL

Control-6h 1800 g 630 g
6 hBiOBr-1-6h 1800 g 630 g 27 g 5.727 g 40 mL

BiOBr-2-6h 1800 g 380 g 27 g 5.727 g 250 mL

2.2. Characterization of Cement Paste

The mechanical properties of samples were assessed following the autoclaved curing
process finished. The compressive strength of paste prism (4 cm× 4 cm× 16 cm) was tested
by a universal testing machine (CDT1305-2) with a limit capacity of 300 kN, and the prepa-
ration and testing methods were conducted according to the GB/T 17671-1999 standard.
The paste prism was processed at a loading speed of 2 mm/min until it was damaged. The
residual crashing fragments of the prism were terminated hydration after the compressive
strength test, and the following tests were carried out on these collected samples.
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XRD analyses were performed on a Bruker D8 Advance diffractometer, equipped with
a Cu Kα X-ray radiation source. The acquisition of diffraction patterns was performed
in the 5–60◦ 2θ range, and the continuous scan speed was 2◦/min. Phase identifications
were executed using MDI jade software, supported by the Powder Diffraction File (PDF)
database of the International Center for Diffraction Data (ICDD). XRD was used to evaluate
the elemental mineralogical composition and photocatalysts crystallinity in samples.

2.3. Photocatalytic Performance
2.3.1. RhB Degradation

Before the color measurement, the paste prisms were cut into thick slices (with di-
mensions of 4 cm long, 4 cm wide, and 2 cm high) and then ground, and the test surface
was cleaned with 100 mesh sandpaper. The self-cleaning capability of modified samples
was evaluated by monitoring the discoloration of organic dye (Rhodamine B (RhB)), even
though the photodegrading process had been reported [35]. RhB solution of 80 mg/L con-
centration was used in this study and spraying on the entire surface of samples, spraying
once (about 1 mL) to obtain a homogeneous distribution contaminated surface.

The dye degradation process was conducted in a WFH-203B UV–Vis analyzer, equipped
with a simulated natural lamp (3W, λ > 420 nm). The intensity of light irradiation in the
analyzer was 18.5–18.7 W/m2, tested by an optical power meter (CEL-NP 2000). Color
degradation was measured directly on the surface of each sample after irradiation with a
portable spherical spectrophotometer (RM200QC, X-Rite). For each surface, we calculated
the average colorimetric value change of the three sampling points. For detailed data
processing and RhB degradation rate calculation methods refer to the works in [32,36].

2.3.2. NOx Removal

The efficiency of photocatalytic samples to remove NOx was analyzed using a photo-
chemical reaction apparatus, which was equipped with a Xenon lamp with a maximum
power of 500 W. The real optical power density of light in the NOx abatement experiment
was 187.3–187.6 W/m2. NO gas was diluted to normalized air with an initial concentration
of 400 ppb by a dynamic gas calibrator (146i, Thermo Fisher Scientific, Franklin, MA, USA),
and the gas flow rate was set to 8000 SCCM. After that, the calibrated NO gas was fed into
the photochemical reactor apparatus, and the resulting gas concentration was recorded in
real-time by a NO-NO2-NOx analyzer (42i, Thermo Fisher Scientific, Franklin, MA, USA).

The sample disposal was the same as RhB degradation test. The test sample was
placed in the reaction chamber for gas adsorption and desorption in a dark environment,
and when the NO concentration in the reactor reached equilibrium, the lamp was turned
on. The test sample was irradiated for 40 min to ensure the concentration can reach a
constant value during photocatalysis process, and the value changes of NO and NO2 were
continuously recorded. The maximum concentration value changes of NO and NO2 were
used to calculate the amount of NOx (NO + NO2) removal, and the NOx removal efficiency
(η%) was calculated according to the Equation (1). NOx0 is the initial concentration, and
NOx is the concentration after irradiation.

η%NOx = (NOx0 − NOx)/NOx0 × 100% (1)

2.4. Microstructure

Samples were characterized through mercury intrusion porosimetry (AutoPoreIV 9510,
Micromeritics, Norcross, GA, USA) and scanning electron microscopy (EVO LS15, ZEISS,
Germany) to estimate their microstructure. Porosity and pore size distributions were deter-
mined by calculating the MIP test results, and morphology and element composition were
obtained by SEM images and an equipped energy-dispersive spectrometer (X-MaxN 20,
Oxford, UK).
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3. Results and Discussion
3.1. Photocatalytic Degradation of RhB

The samples were irradiated in the analyzer for 20 h after the light turned on, and the
RhB degradation rates of different samples were shown in Figure 1. As can be seen from
the figure, the modified samples by BiOBr achieve larger photocatalytic RhB degradation
efficiency than reference samples. Approximately 10% discoloration is also detectable for
reference samples because the RhB photobleaching process occurs under the irradiation of
visible light [35]. This result indicates that RhB can undergo a synergistic decolorization
process of photobleaching and photocatalytic degradation, which means the improved
RhB fading rate of the modified samples is due to the photocatalytic degradation process.
After 2 h of autoclaved curing, the RhB degradation efficiency of sample Control-2h is
significantly lower than that of sample BiOBr-1-2h and sample BiOBr-2-2h, and real values
are 10.6%, 28.4%, and 20.9%, respectively. It is understandable because the crystallinity
and photocatalytic activity of photocatalysts increases after high-temperature treatment;
however, photocatalysts mounted on the hydration products are also affected by the expo-
sure to the dye and photons. In fact, two precursor solutions may lead to different cement
stone structure, and then the photocatalytic activity is different. As the autoclaved curing
proceeded, when the holding time was set to 4 h, the RhB degradation efficiencies of two
modified samples are further improved (BiOBr-1-4h = 42.9% and BiOBr-2-4h = 30.4%), and
the RhB degradation efficiency of sample Control-4h is 9.7%. Apparently, the intermixed
photocatalysts show a higher photocatalytic activity after 4 h of autoclaved curing; this may
be due to the improvement of crystallinity of photocatalysts and their good compatibility
with cement-based materials. The photocatalytic degradation of RhB does not increase
much with the autoclaved curing time prolonging from 4 h to 6 h, and the RhB degradation
efficiencies of sample Control-6h, sample BiOBr-1-6h, and sample BiOBr-2-6h are 9.4%,
45.4%, and 32.3%, respectively. The photocatalytic improvement of photocatalysts particles
may come to a threshold, and as the hydration reactions proceed, some hydration products
can occlude partial active surface of photocatalysts [37].
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Figure 1. RhB degradation rate of different samples as a function of autoclaved curing time.

3.2. Photocatalytic NOx Removal of Modified Samples

In order to further evaluate the photocatalytic performance of the modified samples,
additional NOx removal experiment was carried out (the NOx removal rate of sample
Control was zero in the preliminary test). Figure 2 depicts the maximum concentration
change rate of NO, NO2, and NOx of different modified samples in the photocatalytic
reaction process. In Figure 2, it can be seen that sample BiOBr-1-X presents higher NOx
(NO + NO2) removal efficiency (up to 4.4%) than sample BiOBr-2-X for every autoclaved
curing time. This is consistent with the above experimental results of RhB degradation, and
the sample BiOBr-1-X has entirely better photocatalytic activity. Additionally, as expected,
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the NOx removal efficiency of modified samples increased with the extension of autoclaved
curing time.
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claved curing time.

The degradation of NOx is a series of chemical reactions that can be described by the
following equations (Equations (2)–(4)) [38], and this also means that intermediates formed
in either reaction process may be released into the atmosphere. However, it is problematic
as the toxicity of NO2 is apparently greater than that of NO, and sufficient oxidation
produces nitrate (NO3

−) is preferable with respect to air purification. Consequently, the
photocatalysts selectivity for nitrate (S%) was used to evaluate the NO2 production rate,
and S% was calculated according to Equation (5) [39]. As can be seen in Figure 3, the
nitrate selectivity of two modified samples with the same autoclaved curing time shows a
consistent result, that is, sample BiOBr-1-X presents a higher S% value than that of sample
BiOBr-2-X. In fact, a higher nitrate selectivity dives a corresponding lower NO2 release,
which is the desired NOx removal process.

NO + HO· → HNO2 (2)

HNO2 + HO· → NO2 + H2O (3)

NO2 + HO· → NO3
− + H+ (4)

S% = ξNOx/ξNO × 100% (5)

3.3. The Determination of Phase and Crystallinity

Figure 4 shows the XRD results obtained for the reference sample and modified
samples as a function of autoclaved curing conditions. As expected, the major phase
compositions of all the samples were Ca3SiO5 (C3S), Ca2SiO4 (C2S), Ca(OH)2 (CH), and
carbonate formed in the hydration process. Typical characteristic peaks of ettringite (AFt)
observed in sample control were trace disappeared due to the high-temperature treatment
process for the samples with autoclaved curing. The intensity of characteristic peaks of C3S
and C2S varied in degrees of reduction for the promoted hydration reaction. Interestingly,
it seems that the intensity of characteristic peaks of CH in the sample BiOBr-1-X was
distinctive from that of the other samples. Although the high-temperature treatment did
promote the hydration reaction process, the intensity of typical CH peaks did not recover
to an ordinary level. By analyzing the TG curves of all the samples in previous work [40],
the proportion of mass loss caused by CH decomposition was almost the same; therefore, it
was inferred that the addition of ethylene glycol hinders the crystallization of the crystals.
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There are two new diffraction peaks that emerged in both modified samples, and
two peaks are at 2θ of 31.7 and 2θ of 10.9, respectively, which correspond to the strongest
peak and the third peak of BiOBr PDF from the ICDD database. The second peak at 2θ of
32.2 of BiOBr is not discernible due to the overlapped diffraction peaks in the 2θ region of
32–33. Obviously, after 2 h of autoclaved curing, the intensity of BiOBr in XRD patterns
of sample BiOBr-2-2h was higher than that of sample BiOBr-1-2h, which indicated that
the crystallinity of BiOBr crystals in sample BiOBr-2-2h was better. With the extension of
holding time of autoclaved curing, the crystallinity of BiOBr crystals in sample BiOBr-1-X
was further improved, and up until 6 h of autoclaved curing later, two modified samples
were at a similar degree of crystallinity. Although the addition of ethylene glycol impeded
the crystallization of BiOBr crystals in sample BiOBr-1-X, the photocatalytic performance
of sample BiOBr-1-X was better than that of sample BiOBr-2-X. The results suggest that the
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crystallinity of BiOBr crystals in different modified samples is not the most dominating
factor for photocatalytic performance under the experimental conditions of this study, and
the effect of other parameters, such as microstructure, need to be further investigated.

3.4. Pore Structure

Table 2 shows the results from mercury intrusion porosimetry, where cumulative
porosity (percentage in volume) and three different pore volume ranges are given. Al-
though some authors have demonstrated that a higher porosity does not necessarily lead
to a higher photoactivity [41], they are in agreement that the photocatalytic activity was
favored by an increased porosity, provided that large pores (>0.1 mm) are predominantly
occupied [34]. Therefore, in this study, 1 µm and 0.1 mm are used as the basis for pores divi-
sion, and they are used to estimate whether there is a correlation between pore distribution
and photoactivity.

Table 2. Microstructure characteristics of samples.

Sample Cumulative
Porosity (%)

d ≤ 1 µm
(mL/g)

1 < d < 100 µm
(mL/g)

d ≥ 100 µm
(mL/g)

Control 21.4 0.1080 0.0055 0.0061
Control-2h 26.0 0.0871 0.0176 0.0750
BiOBr-1-2h 29.3 0.0763 0.0371 0.0195
BiOBr-1-4h 32.4 0.1771 0.0012 0.0086
BiOBr-1-6h 36.4 0.1879 0.0064 0.0055
BiOBr-2-2h 21.7 0.1000 0.0105 0.0054
BiOBr-2-4h 22.7 0.1083 0.0062 0.0063
BiOBr-2-6h 22.3 0.093 0.0050 0.0064

From the results in Table 2, it can be observed that the autoclaved curing method
induces noticeable increases in the cumulative porosity of the reference sample and sample
BiOBr-1-X. However, there is no cumulative porosity change in sample BiOBr-2-X, which
may be attributed to the effect of remained products formed in the reaction between nitric
acid and alkaline substance in cement. Compared to the cumulative porosity of sample
BiOBr-2-X, the higher cumulative porosity of sample BiOBr-1-X indeed corresponds to the
enhanced photocatalytic efficiency, and this trend is consistent with general conclusions of
previous studies [33,34]. Additionally, apart from the porosity, the improvement of crystals
crystallinity can result in an improvement in the photocatalytic efficiency, which may be
the reason why the photocatalytic efficiency can be improved even when the porosity
of sample BiOBr-2-X is basically unchanged or even slightly reduced. The extension of
autoclaved curing time caused additional hydration products as effective filler of voids
leading to a refinement of the porosity, with a shift of the large pores towards smaller pores,
and then the pore volume concentrated at sizes smaller than 1 µm. In accordance with [42],
when the pores larger than 1 µm and smaller than 0.05 µm, the photocatalytic efficiency of
samples shows a decreasing trend in both dyes’ degradation and NOx removal process.
Therefore, a more detailed pore size distribution curves were shown in Figure 5.

In Figure 5, it can be seen that for samples after 2 h of autoclaved curing, new pore
volume peaks were generated in the range of 4 to 10 µm, which can be ascribed to the
formation of heat-induced micro-cracks. The pore volume of sample BiOBr-1-2h shows
the most dramatic increase, while sample Control-2h and sample BiOBr-2-2h display a
predictable mild increase. The reason for this result may be that the excess liquid for
sample BiOBr-1-2h exacerbates the motion of vapor molecules and the loosely packed
cement stone structure is insufficient to resist. Additionally, the pore volume increases for
modified samples in the pore diameter range of 100 nm are particularly prominent can be
due to the hydration products formed on the added scattered nucleation sites. As a matter
of fact, the pores smaller than 80 nm in diameter are usually gel and capillary pores of
C-S-H structure [33], and it is debated whether the pores can improve the photocatalytic
activity. In this study, the results of sample BiOBr-1-X are in agreement with the trend that
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an increase in these pores improved the photocatalytic activity, but that is not the case with
sample BiOBr-2-X. Therefore, considering that the effect of pore structure is not the unique
parameter affecting the photocatalytic efficiency, in accordance with the results presented
in XRD analysis, pore structure and crystals crystallinity play a different dominant role for
photocatalytic activity in different modified samples.
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3.5. The Morphology Analysis of Compositions

The morphologies of compositions of different hardened cement paste samples are
presented in Figure 6. After 2 h of autoclaved curing, it still can be seen that the typical
needle-like hydration product ettringite (Aft) in sample Control-2h, and the gelatinous
cluster hydration product C-S-H is wrapped around the cement particles. The reason for
this result is that the Aft thermal decomposition can be divided into four endothermic
events, at a temperature below 450 K, the decomposition process is continuous proceeding
and controlled by mass transport [43]. There is no trace of Aft in sample Control-4h and
the pores of sample Control-6h is reduced due to the further hydration.

Stacked layered crystals appeared on the fracture surface of sample BiOBr-1-4h and in
the pores of sample BiOBr-1-6h, indicating that a new product (may be the BiOBr crystals)
was formed during the autoclaved curing process. Some studies have found that the
morphology of BiOBr is controlled by the pH of precursor solutions, the BiOBr crystals are
composed of microplates at low pH and then further mixed and self-assembled to form
flower spherical products with the increase of pH, which are broken into thin nanosheets
in the end at high pH [31,44]. The pore solution of cement can provide a highly alkaline
environment, indicating that lamellar crystals may be BiOBr crystals formed by precursors
during the high-temperature treatment process. Different from the morphologic characteris-
tics of sample Control-X and sample BiOBr-1-X, sample BiOBr-2-X had denser morphology,
fewer pores, and the hydration products were mixed. This trend may be ascribed to the
reaction of nitric acid and cement alkaline substance to produce products, and there are no
lamellar products with good crystallinity were observed in sample BiOBr-2-X.
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In this context, in order to verify that the voids provide space for the growth of
crystals, the SEM images of sample BiOBr-1-6h are further observed. In other words, if
the conditions of high temperature and voids can be met at the same time, the crystals
with good crystallinity can be formed inside the pores of sample BiOBr-1-6h with the
highest porosity under the condition that the precursor particles are uniformly dispersed.
In Figure 7, it can be seen that a large number of lamellar crystals with good crystallinity
and complete morphology exist on the surface of the exposed pores. In addition, Figure 8
shows the EDS mapping images of the lamellar products region, and it can be noted that
the signal intensity of different morphological elements has obvious contrast. Finally, the
concentrated distribution of element Bi and element Br in the region of lamellar products
confirms again that the lamellar crystals are BiOBr crystals.

3.6. Effect of the Microstructure on the Compressive Strength

The compressive strength of samples with or without autoclaved curing was tested,
and the experimental results are presented in Figure 9. In each bar chart, the left samples
and the right samples underwent the same total curing time, which means that the increase
in compressive strength during the autoclaved curing process can be intuitively compared,
and the increased value of compressive strength was expressed by Equation (6). Under
the condition of ambient temperature curing, the compressive strength of the samples was
mainly affected by the precursor solutions, and the compressive strength of the modified
samples was lower than that of the reference sample. This result may be attributed to that
ethylene glycol and nitric acid are detrimental to cement hydration, and the nucleation of
particles is insufficient to offset this effect.

Strength ratio = CSac/CSAT × 100% (6)

CSac: Compressive strength of autoclaved curing samples;
CSAT: Compressive strength of ambient temperature curing samples.
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In accordance with the results of strength ratio, for sample Control-X, the maximum
value change in strength improvement came from 2 h of autoclaved curing. Even for
the modified samples, although the strength ratio continued to increase, the growth rate
showed a significant decrease. The strength trend curves of samples are also indicating
that the improvement of compressive strength cannot increase linearly as a function of the
autoclaved curing holding time. Anyway, the compressive strength of modified samples
exhibited better mechanical property than that of the reference sample finally.

According to the work in [45], on the basis of the influence of the pore diameter on the
properties of cement-based materials, pore size can be divided into four grades: harmless
pores (<20 nm), less harmful pores (20–50 nm), harmful pores (50–200 nm), and greatly
harmful pores (>200 nm). The volume proportion of different types of pores of samples
are presented in Figure 10, and some conclusions drawn from the figure are as follows:
(1) For the autoclaved curing samples, the pore deterioration process inevitably occurred in
cement-based materials, and the sample BiOBr-2-X was barely affected. With the extension
of autoclaved curing time, large diameter pores shifted to smaller diameter pores due to
further hydration, and the addition of precursors accelerated this trend. (2) Both modified
samples had higher compressive strength than the reference sample after autoclaved
curing, indicating that, apart from the total porosity, the allocation proportion of different
types of pores has a greater impact on the compressive strength. (3) Macropores favor
the formation of BiOBr crystals with fine crystallinity, which may be undesired for the
mechanical property. Therefore, optimizing the allocation proportion of pore distribution
and increasing the total porosity may be a promising strategy to meet the requirements of
two properties.
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4. Conclusions

In this study, the influences of BiOBr precursor solutions on the RhB degradation
and NOx removal of hardened photocatalytic cement paste were investigated, and the
photocatalytic performance was also dependent on some effects, such as photocatalysts
crystallinity and cement paste microstructure. The following conclusions are drawn:

1. The photocatalytic performance of modified samples in RhB degradation (up to 45.4%)
and NOx removal (up to 4.4%) is obviously improved, and the photodegradation rate
is increased with the extension of autoclaved curing time, but the increment is not
proportional to autoclaved curing time. The prolonged high-temperature treatment
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time can improve the crystallinity of photocatalysts, but the additional hydration
products may occlude the exposed surface of photocatalysts.

2. The voids in the cement paste matrices can provide space for crystal growth and
reduce the chance of the exposed surface being blocked by hydration products. The
modified samples with higher cumulative porosity favor a better photocatalytic
activity, and this trend is adapted for both RhB degradation and NOx removal.

3. Although the crystallinity of photocatalysts and the microstructure of cement paste
can affect photocatalytic performance, the microstructure dominates the enhancement
of photocatalytic performance of modified samples. Under the visible-light irradiation,
sample BiOBr-1-X has better photocatalytic activity at each autoclaved curing time
because the photocatalysts can better contact the light passing through the pores.

4. The correlation between porosity and compressive strength of cement paste is estab-
lished. The influence of different types of porosity distribution on the compressive
strength of cement paste is greater than the porosity. It is feasible to develop optimal
photocatalytic paste, on the premise of guaranteeing the compressive strength, by
increasing the porosity and regulating the distribution of the pores.
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