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Abstract—TiO, supported on Ca,;,Al,,O;; (Mayenite) was synthesized and investigated for use as a photocatalytic con-
crete material. TiO,/Mayenite (TiO,/M) catalysts were prepared with varying TiO, loading amounts (1-20 wt%). The
photocatalytic activity of the catalysts was measured using the ISO standard NO removal test. TiO,/M catalysts exhib-
ited significantly enhanced photocatalytic activities compared to pure TiO,, with the NO removal efficiency increasing
as TiO, loading increased up to 10 wt% and then decreasing with further loading of TiO,. The NO removal rate of the
TiO,/M catalyst, which contained 10 wt% TiO,, was 8.72 umol (equivalent to 350 umol/m’h). X-ray photoelectron
spectroscopy (XPS) analysis suggested that oxygen on the TiO,/M catalysts with low TiO, loading exists in the form of
Ti-OH rather than TiO,. This study focuses on the formation of Ti-OH on the catalyst surface, which is promoted by
the unique crystal structure of Mayenite that supplies oxygen ions and electrons to the TiO, layer. The NO removal
efficiency of the catalysts was found to be dependent on the interaction between TiO, and Mayenite. Overall, this study
demonstrates the potential of TiO,/Mayenite for use as a highly effective photocatalytic concrete material, with the
unique properties of the Mayenite support playing a critical role in enhancing the photocatalytic activity of the catalyst.
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INTRODUCTION

NO, is recognized as one of the primary pollutants responsible
for causing severe air pollution, so controlling its emissions remains
a significant challenge due to its wide and diverse sources [1,2].
Particularly, NO, emitted from vehicles with internal combustion
engines causes photochemical smog and fine dust in metropoli-
tan areas, heavily-trafficked roads, and tunnels [3-5]. Various tech-
nologies are available to remove NO,, including chemical adsorption,
electrochemical methods, selective catalytic reduction (SCR), and
photocatalysis [6-11]. Among these, photocatalysis has been inves-
tigated as a promising solution for reducing vehicle-generated NO,
emissions by incorporating photocatalysts into construction mate-
rials used for road pavements, tunnels, bus stops, and noise barriers
in residential areas [12-14]. Titanium dioxide (TiO,) is a popular and
technically advanced photocatalyst that is highly stable and cost-
effective. However, it is not without drawbacks, including electron-
hole pair recombination and poor pollutant adsorption capacity
[15-17]. Many studies have sought to address these issues by mod-
ifying the TiO, surface with noble metals or incorporating semi-
conductor materials during preparation to improve its electrochemical
properties [18,19]. Since TiO, itself lacks adsorption ability, porous
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materials with high surface areas, such as zeolites, activated car-
bon, and silica, have been used as support materials to provide nu-
merous active sites and promote fast mass transfer [20-24]. In addi-
tion to enhancing the reactivity and activity of TiO,, the affinity of
TiO, with cementitious materials must also be considered when
incorporating it onto the surfaces of roads or building walls for
NO, removal. Recent attempts have focused on increasing the reac-
tivity and dispersal of TiO, in concrete using medium supports for
TiO, [25-27]. Yousefi et al. [25] reported that a coating slurry was
produced by mixing TiO, nanoparticles with a Ca(OH), solution and
focused on adjusting the ratio of TiO, nanoparticles to Ca(OH), to
prevent nanoparticle agglomeration. Li et al. [26] prepared a TiO,-
based pigment for building walls that was tested for its ability to
remove NO. Additionally, TiO, was physically mixed with calcium
aluminate cement (CAC) and tested for NO removal. Nicolas et al.
[27] studied the photocatalytic activity of commercial TiO, applied
to two types of calcium aluminate cement, iron-rich and non-rich
cement. They also compared the activity according to the TiO,
content.

The photocatalytic reaction of NO, occurs according to the fol-
lowing Egs. (1)-(7) [27]:

TiO,+hv—e +h* (1
H,0+h*>H"+OH. @
O,+e 50,0 3)
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NO+0,” —>NO; @)
NO+OH«—HNO, 5)
HNO,+OHe—NO,+H,0 (©)
NO,+OHs—NO; +H" 7)

Yao et al. [28] used hydroxyapatite (HAp) as a support for a TiO,-
based catalyst, and they claimed that the photocatalytic activity of
TiO,/HAp composites was enhanced due to stronger chemisorp-
tion of NO, higher separation efficiency; and faster transfer of photo-
generated electron-hole pairs. To effectively utilize photocatalysts
on medium supports in construction materials, it is crucial that
TiO, particles are evenly dispersed and immobilized on a surface
that is accessible to light. The medium support should not chemi-
cally bind with TiO, and interfere with its photocatalytic activity.
Additionally, the medium support should have an affinity with the
materials that make up concrete to prevent detachment or wash-
ing away of the TiO, loaded support with aging.

In this study, we selected Mayenite (Ca,,Al,,O;;, also known
as 12Ca0-7AL0;, C12A7), as the medium support for photocata-
lyst preparation. Hosono et al. [29] reported that the crystals of
Ca),Al,Os; possess an inversed zeolitic nature with anion accom-
modation properties. Kim et al. [30] and Li et al. [31] also observed
these features of Ca;,Al;,O5; and used it to enhance the multi-cycle
stability of high-temperature CO, absorbents. We hypothesized that
Ca,,Al;,O5; would behave as an oxygen-vacancy possessing mate-
rial that could improve the transport of electrons in photocatalytic
activity. Furthermore, Ca,,Al,,Os; is also one of the main compo-
nents in cementitious materials. In a previous study, we briefly
reported on the possibility of using Ca;,Al,O;; as a support mate-
rial for TiO, photocatalysts [32]. However, that study only focused
on the preparation of TiO, particles and had limited information
on the supporting material. In this study, we report in detail on the
effects of Ca,,Al;,O5; as a support material on the photocatalytic
activity of TiO, catalysts, including our preparation methodology.
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EXPERIMENTAL SECTION

1. Synthesis of Composites
1-1. Mayenite-Ca,,Al;,O5;

CaCO; (98.5%, Duksan Reagents) and ALO; (99.0%, Samchun
Reagents) were used as precursors in a 12: 7 mole ratio. The precur-
sors were placed in a 5 L custom-made ball mill with ceramic balls
of 10 mm diameter and milled at room temperature for 24 hours.
The resulting powder was collected and calcined at 1,473 K in air
for 24 hours. After cooling to room temperature, the calcined mate-
rial was crushed and sieved.

1-2. TiO, Supported Mayenite

To synthesize TiO, loaded Mayenite (TiO,/M), titanium(IV) iso-
propoxide (TTIB, Sigma Aldrich) is first mixed with isopropyl alco-
hol (IPA, Sigma Aldrich). Then, an aqueous urea solution containing
urea in the same mole ratio as TTIP is gradually added to the mix-
ture of TTIP and IPA. The resulting solution is stirred for 30 min-
utes at room temperature. Next, pre-synthesized Mayenite powder
is added to the sol-gel solution with vigorous mixing and aged for
2 hours. The sol-gel mixture is then dried at 373 K for 24 hours in
a convection oven. After calcination at 773 K for 3 hours, TiO,/M
is obtained.

The amount of TTIP is carefully calculated to result in desig-
nated TiO, loading values in the range of 1 to 20 weight percent
(wt%). TiO, loadings of 1, 3, 5, 10, 15, and 20 wt% are selected.
The prepared samples are designated by the TiO, loading percent-
age, for example, 3-TiO,/M represents 3 wt% of TiO, loaded on
Mayenite.

1-3. TiO,

The reference material of TiO, powder was also prepared using
the same method as for the TiO,/M catalyst, with the exception of
omitting the addition of Mayenite. The TiO, powder was synthe-
sized as described in our previous study [32].

2. Characterization
The BET surface area and BJH pore size distribution of the TiO,/
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Fig. 1. Schematic diagram and photo of photocatalytic NO removal test apparatus.
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M samples were determined using BELSORP-miniX (Microtrac-
BEL) by measuring N, physisorption isotherms at 77 K. Prior to
N, adsorption, the samples were dried at 473 K for 4 hours under
vacuum to remove retained gases and water. The crystal structures
of the catalysts were examined by X-ray diffraction (XRD) using a
D8 ADVANCE instrument with a scanning rate of 1°/min from
10 to 90° and a scanning step size of 0.02°. The elemental analysis
of the TiO,/M samples was conducted using a wavelength disper-
sive X-ray fluorescence spectrometer (WD-XRE ZSX Primus II/
Rigaku). X-ray photoelectron spectroscopy (XPS) was employed to
analyze the chemical state of the samples, using a K-Alpha" instru-
ment (Thermo scientific) with an Al X-ray source, a spot size of
650 pm, and an energy step size of 0.1 eV. The hydrocarbon C 1s
line at 284.8 eV from adventitious carbon was used for energy ref-
erencing in XPS spectrum.
3. NO Removal Test

The photocatalytic properties of the samples were evaluated using
a custom-designed apparatus (Fig. 1) in accordance with the pro-
tocol specified in ISO 22197-1. The sample frame (100 mmx 50
mm) was loaded with 3 g of TiO, and TiO,/M powder and placed
inside the sample chamber that was positioned under the light
source. After N, adsorption, 1 ppm NO in an air stream at a flow
rate of 3L-min"' was introduced into the sample chamber and
allowed to reach equilibrium in the dark. The NO concentration
in the effluent was monitored until it matched the inlet gas con-
centration. Subsequently, UV light with an intensity of 10 W/m® was
turned on and the volumetric concentration of NO and NO, in the
effluent gas was monitored for 5 h. Concentrations of NO and NO,
were determined by chemiluminescence (Ecotech, Serinus 40) at
the outlet of photo reactor. The temperature and relative humidity
were maintained at 25°C and 50%, respectively, throughout the
experiment.

RESULTS AND DISCUSSION

To improve the compatibility of the TiO, precursor solution with
the Mayenite powder without the addition of water, the quantities
of the ingredients were adjusted, as shown in Table 1. The concen-
tration of the aqueous urea solution was maintained at 2 M, and
the molar amount of urea was kept the same as that of TTIP for each
batch, based on the target TiO, loading. However, the amount of IPA
was kept constant at 51.27 g. This ensured that Mayenite could be
effectively mixed with TTIP and the urea solution. We discovered
that adding water to improve the dispersion of Mayenite powder
in the sol-gel solution could significantly reduce the catalytic per-
formance of the TiO,/M sample. We will report on the impact of
additional water on the catalytic activity of TiO,/M separately in

Table 2. XRF analysis results of TiO,/M catalysts (unit: wt%)
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Table 1. The amount of ingredients in preparation of TiO,/M cata-
lysts (unit: g, 10 g catalyst basis)

TiO, [wt%] TiO, TTIP IPA Urea H,O
1 0.1 0.36 51.27 0.08 0.56
3 0.3 1.07 51.27 0.24 1.66
5 0.5 1.78 51.27 0.40 2.77
10 1 3.57 51.27 0.79 5.56
15 1.5 534 51.27 1.19 8.32
20 2 7.11 51.27 1.58 11.08
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Fig. 2. XRD patterns of TiO,/M catalyst prepared by the modified

method.

the near future. This study focuses on the mechanism of the pho-
tocatalytic reaction in the presence of Mayenite support. The XRD
patterns of the TiO,/M catalysts are shown in Fig. 2. The patterns
were almost identical to the well-developed Mayenite crystal struc-
ture. A signature peak of TiO, (anatase type) was observed in all
samples at around 25.5°. Its intensity increased with increasing TiO,
loading. The peaks of Mayenite decreased as the TiO, loading in-
creased, most likely due to the coverage of TiO, particles on the
surface of Mayenite. The TiO, powder (not shown in Fig. 2) used
as a reference was identified as the anatase form [32]. According
to Nicolas et al. [27], when TiO, is added to calcium aluminate
cement (CAC), TiO, peaks are formed and the anatase structure
can be confirmed, but the peaks are not clearly visible due to the
large amount of CAC. These results are similar to the XRD pat-
terns of the TiO,/M catalysts, and we performed XRF analysis to
analyze the elements of the TiO,/M catalysts, the results of which
are shown in Table 2. It was confirmed that TiO, increases as the

Sample 1-Ti0,/M 3-Ti0/M 5-Ti0,/M 10-Ti0O,/M 15-Ti0,/M 20-Ti0,/M TiO,(500)
TiO, 3.0297 6.2867 14.4892 28.7924 38.4378 47.6988 98.9656
AL O, 20.6700 19.2019 16.7121 15.6935 12.7394 8.6281 0.0113
CaO 74.9063 73.1514 67.1344 54.1193 47.4187 41.5800 0.2300
Others 1.3940 1.3600 1.6643 1.3948 1.4041 2.0931 0.7931

December, 2023
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amount of TiO, increases, and that calcium and aluminum are pres-
ent with some other impurities.

BET analysis results in Table 3 show that the specific surface areas
of all samples, including TiO, powder, were significantly low. Al-
though the specific surface areas of the TiO,/M catalysts show an
increasing trend as TiO, loading increased, it is uncertain if photo-
catalytic performance is affected by differences in surface area due
to the low values. Photocatalytic reactions are confined to the cata-
lyst surface where light can reach, making pore volume and pore
diameter more relevant indicators. The formation of TiO, particles
on the Mayenite surface developed mesopores, resulting in a slight
increase in specific surface area, which is supported by SEM analy-
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Table 3. BET analysis results of TiO,/M catalysts
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Surface area  Pore volume

Pore diameter

Sample (m?/g) (cm'/g) (nm)
1-TiO,/M 6.8 0.05 29.1
3-TiO,/M 74 0.07 394
5-TiO,/M 10.4 0.09 347
10-TiO,/M 14.3 0.13 37.1
15-TiO,/M 27.0 0.13 19.6
20-Ti0,/M 42.6 0.19 18.0
TiO,(500) 20.0 0.14 29.2

— 200 nm 75 ‘;;

() 20-Ti0,/M

Fig. 3. SEM images of TiO,/M catalysts prepared by the modified method.
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sis results shown in Fig, 3. The 1-TiO,/M sample consisted of peanut-
like particles, presumably the Mayenite, connected to each other
with smooth surfaces, and small debris was observed in limited
regions. As TiO, loading increased, flake-like TiO, particles were
observed on the Mayenite surface, forming a web and eventually
agglomerating into round particles of around 100 nm in size in
10-TiOy/M. If the Mayenites role in photocatalytic activity is cor-
rect, there may be an optimum TiO, loading amount for the best
NO removal efficiency. If the coverage of TiO, particles on May-
enite is too low, the promotion effect of Mayenite will be limited.
On the other hand, if the coverage is too high, a thick layer of TiO,
may be formed, preventing UV light from reaching the Mayenite
layer and making catalytic performance dependent only on TiO,
particles themselves.

The results of nitrogen oxide (NO) removal tests, in Fig. 4, are
consistent with our initial assumptions. The trends of NO removal
rate as a function of TiO, loading were similar for both 60 and 300
minutes of ultraviolet (UV) irradiation. For 300 minutes of UV
irradiation, the NO removal rate for 1-TiO,/M was approximately
1.45 pumol, equivalent to 56 pumol/m™h. As the TiO, loading increased,
the NO removal rate also increased until it reached 8.72 pmol for
10-TiO,/M, which is equivalent to 350 umol/m*h. However, for
15-TiO,/M and 20-TiO,/M, the NO removal rates were 6.52 pmol
and 6.53 pmol, respectively, lower than that of 10-TiO,/M. These
findings challenge our initial hypothesis that the oxygen vacancies
in Mayenite contributed to the NO removal.

One possible explanation for the reverse trend of NO removal
rate at high TiO, loading is the electron-hole recombination, which
can occur when the TiO, loading is large. This phenomenon has
been previously reported by Rhee et al. [33] in their investigation
of NO removal efficiency of TiO, powder in cementitious materi-
als. They found a similar reverse trend of NO removal efficiency
as the TiO, loading increased, which they attributed to the elec-
tron-hole recombination. However, they did not observe this behav-
ior when TiO, was mixed with mortar instead of cement paste, and
they used physical mixing instead of the impregnation method used
in our study. Moreover, the reference material, pure TiO, powder,
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Fig. 4.NO removal test results of TiO,/M catalysts and pure TiO,
powder.
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showed a lower NO removal rate of 5.42 umol after 300 minutes
of UV irradiation compared to most TiO,/M samples. Thus, we
conclude that the explanation of oxygen vacancies in Mayenite as
the cause of NO removal is more plausible than the electron-hole
recombination hypothesis.

The promotion of oxygen vacancies on TiO, has been exten-
sively investigated in previous studies. For example, Tan et al. [34]
reported that oxygen vacancies on N-doped TiO, can enhance oxy-
gen diffusion in the TiO, lattice, resulting in increased NO removal
efficiency. Nakamura et al. [35] found that heat treatment of TiO,
created an oxygen vacancy state between the valence and conduc-
tion bands in the TiO, band structure, leading to highly selective
NO removal. In contrast, Eskandarloo et al. [36] synthesized a TiO,/
CeO, hybrid photocatalyst for NO removal, and claimed that a
smaller band gap of CeO, enhanced electron-hole pair separation
in TiO, by reducing recombination. In this study, however, the im-
proved NO removal efficiency is attributed to the oxygen vacan-
cies and O ions trapped in the Mayenite cage. These characteris-
tics of Mayenite have been well-established and thoroughly in-
vestigated by numerous researchers [29,30,37]. Our assumption is
further supported by an examination of the catalyst’s element oxi-
dation states. Fig. 5 shows typical local XPS scans of the TiO, pow-
der; revealing only one oxidation state in the Ti 2p peak (~458.7

(a) TiO2(500) Ti2p
Ti 2pa2
3 Ti*
S
2 )
B Ti 2p1/2
c
2
£
468 466 464 462 460 458 456 454 452
Binding Energy [eV]
(b) TiO2(500) O1s
Defective oxide or OH = 31.19%
_ 0" =68.81% o*
3
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Fy Defective oxide
2 or OH
)
£

538 ’ 536 ’ 534 ’ 532 ’ 530 ’ 528 ’ 526
Binding Energy [eV]
Fig. 5. XPS analysis result of pure TiO, powder.
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€V) based on the spin-orbit coupling of the Ti 2p,;, and 2p,,, peaks.
However, fitting of the O 1s peaks indicates two oxygen states. The
first (~529.7 eV) is associated with lattice oxygen coupled with Ti
atoms, while the second (~531.1 eV) is attributed to defective oxy-
gen or hydroxide [38]. These titanium hydroxides or suboxide spe-
cies typically form on the surface due to broken and dangling bonds
from oxygen that need to be terminated [39]. Surface hydroxyls
have been shown to play a crucial role in the NO, removal process

2911

[40,41].

It is evident that the oxygen species in TiO, form are predominant
on the surface of pure TiO, powder, rather than those in the Ti-OH
form. However, the O 1s peaks of TiO,/M samples exhibit distinc-
tive features in Fig. 6 due to the presence of Mayenite, Ca,,Al,,Os;.
The O 1s peaks of all TiO,/M samples were deconvoluted into two
peaks. The first peaks correspond to bi-valence oxygen, similar to
those found in pure TiO,, while the second peaks at around ~531.2
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Fig. 6. Regional XPS scan for O Is of TiO,/M samples.
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eV are attributed to a combination of oxygen species in Al-O, Ca-
O, Ti-OH, or titanium suboxide. Accurately deconvoluting these
peaks and assigning them to specific chemical states is challeng-
ing. Nevertheless, it is evident that the bi-valence oxygen in TiO,
increases as the TiO, loading amount increases, although the cal-
culated percentages do not quantitatively or qualitatively match the
amount of TiO, loading in TiO,/M samples. To obtain more pre-
cise information about the chemical state of the TiO, loaded on
TiO,/M samples, it is necessary to investigate the local XPS scan of
Ti, as shown in Fig. 7. Slight shifts of 2p,, and 2p,, to the lower
binding energy were observed in TiO,/M samples compared to
the pure TiO, in Fig. 5, which is attributed to the interaction be-
tween TiO, and Cay,Al;,O;;. The Ti 2p;;, peaks of TIO,/M samples
were further deconvoluted into two peaks. The first peak appearing
at around 457.6 eV corresponds to Ti’" in Ti-OH, while the second
peak at around 458.3 eV corresponds to Ti** in TiO,. Interestingly;
the peak intensity and area of Ti"" increased as the TiO, loading
amount increased up to 10-TiO,/M and decreased at 15 and 20-
TiO,/M. This trend corresponds exactly with the NO removal effi-
ciency, providing evidence to support the proposed assumption.

The small amount of TiO, loaded facilitates the supply of oxy-
gen ions to the TiO, layer from the Mayenite support, and as a result,
titanium hydroxide is formed on the surface with the aid of water
molecules in the atmosphere. This hydroxide facilitates electron-
hole separation by trapping UV light-generated holes and enhances
the NO removal mechanism. This could explain the high NO re-
moval efficiency of TiO,/M catalyst, even with small amounts of
TiO, loading. As confirmed, the NO removal efficiency of 5-TiO,/
M was higher than that of pure TiO, powder under the same con-
ditions. When the TiO, loading exceeded a certain threshold (ap-
proximately 10 wt%), the additional supply of oxygen ions from
the support (Mayenite) was restricted due to hindered mass trans-
fer with the growing thickness of the TiO, layer. Instead, oxygen in
TiO, form became predominant, and no further increase in NO
removal efficiency was observed. Consequently;, the NO removal
efficiency decreased as the outer surface was covered by TiO, rather
than Ti-OH.

CONCLUSION

Mayenite was successfully synthesized and utilized as a support
for TiO, photocatalyst for NO removal. It was discovered that TiO,
supported on Mayenite (TiO,/M) outperformed pure TiO, pow-
der by a significant degree. Notably, even with a small amount of
TiO, used in the catalyst, the catalytic activity of TiO,/M was excel-
lent. As low as 5 wt% of TiO, loaded TiO,/M showed superior NO
removal efficiency compared to pure TiO, powder, while 10 wt%
of TiO, loading exhibited the best catalytic performance. However,
TiO, loading over 10 wt% resulted in a reverse trend by showing
decreased catalytic activity. The enhanced catalytic activity was
attributed to the unique feature of Mayenite, which provides oxy-
gen ions to the TiO, layer, facilitating the formation of Ti-OH on
the catalyst surface. X-ray photoelectron spectroscopy (XPS) anal-
ysis supported this theory by confirming the change of the oxida-
tion state of oxygen along with the TiO, loading change on the
catalyst.
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