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Abstract: In this work, single-crystalline large-scale LaCO3;OH nanoprism morphologies were
synthesized by controlling La and Ca molar ratio and the hydrothermal reaction conditions.
The nanoprism morphologies of LaCO30H were unique in nature with a sharp corner and smooth
surfaces. The hydrothermal reaction was carried out in the absence of organic additives or templates
and (NH4),CO3; was used as a precipitation agent. The molar ratio of La:Ca was varied over the
following values (the sample shorthand is given in parentheses): 75:25 mol% (LC-1), 50:50 mol%
(LC-2), and 25:75 mol% (LC-3). Phase-pure LaCO30OH nanoprisms formed at a La:Ca molar ratio of
75:25 mol% without any assistance of catalysts or template. The photoluminescence (PL) properties
of the as-synthesized powders showed one broad emission band centered at 394 nm after excitation
of the pure LC-3 LaCO30H nanoprisms at A = 280 nm. The PL intensities were decreased in the order
of LC-1 < LC-2< LC-3. The LC-1 and LC-2 samples had almost the same PL intensities probably due
to their unique and smooth particle morphology. The calcination result of three samples treated for
two hours at 800 °C, shows a reduction in NO activities over highly distributed CaO comprising
LayOj3. Further, under the presence of HO and O, vapor, CaO comprising La,O3 catalysts shows
higher stability for the reduction of NO with CHy.

Keywords: hydrothermal; LaCO3;0H compound; luminescence; nanoprisms structure; NO reduction

1. Introduction

Significant efforts have been applied toward synthesizing nanomaterials with well-defined
sizes and shapes using novel synthetic methodologies. The chemical and physical properties of
nanomaterials are highly interconnected with the crystal type and phase. Geometrical factors (i.e.,
morphology, size, dimensionality, and composition) have a tremendous effect on a nanomaterial’s
properties. The chemical and physical properties of a nanomaterial may be tuned to the requirements of
the desired application by controlling the geometrical factors. Rare earth (RE) nanomaterials are in high
demand in the field of modern electronics as well as across the chemical and material sciences. Their
promising potential extends to catalysts [1], up-conversion materials [2], high-quality phosphors [3],
biological labels [4], and magnetic materials [5].
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Unique optical characteristics and abundant emission colors may be obtained from RE ion-doped
luminescent materials. These materials have been used to develop display and phosphor applications.
The unique intra-4f transitions of RE produce sharp emission bands [6]. In this case, the ligand field is
less active because the outer 5s and 5p orbitals shield the 4f orbitals. Further, due to higher chemical
stability and appropriate crystal structure Y,0O3, YBO3, and YVO,4 materials were commonly used
as compared to other RE-doped luminescent materials [7]. However, for specific applications, La is
the best choice as La is plentiful, and La;O3 is much cheaper than Y,O3. Despite its abundance,
La-based materials have not been extensively studied. The luminescence intensity of La has been
enhanced by doping or mixing trivalent RE metallic ions into a host lattice. Alternatively, the ions at
the divalent metal ion sites may be substituted, for example, with Ca?* ions [8]. These approaches
have increased the luminescence intensity of the La materials. The luminous intensity may be tuned
through careful selection of alkaline metal ions mixed with the RE composite material. Alkaline metal
ions act as flux agents to decrease the reaction temperature and as a sensitizing agent to balance the
charge in the structure. Lanthanum oxides and lanthanum oxycarbonates are suitable phosphor host
materials because lanthanum oxycarbonates are stable in the presence of H,O and CO,. Oxycarbonate
structures are analogous to lanthanum sesquioxide structures [9]. La ion-based RE compounds can
assume a variety of morphologies, including spherical Lay(COj3)3, nanowire LaPOy, and triangular
nanoplates or flakes of LaFs [10]. Relatively few studies have explored the preparation of novel
morphologies in rare-earth hydroxycarbonates, particularly among the lanthanum hydroxycarbonates
(LaCO30H). Xiaoyang et al. synthesized LaCO3;OH via an ethylenediaminetetraacetic acid-assisted
hydrothermal method to form double-deck-like microhexagrams. They also fabricated a diversity of
morphologies, including microspheres, apple-like nanostructures, nanowires, spiky balls, layer-by-layer
self-assembled nanoplates, and triangular hearts [11]. LaCO30OH may be synthesized by a reaction of
lanthanum (III) chloride and trifluoroacetic acid or sodium carbonate [12]. La(OH)CO3; nanomaterials
have been synthesized via a hydrothermal method involving LayO3; and a glycine additive that
facilitates the formation of new hierarchical layer-by-layer self-assembled one-dimensional (1D)
nanostructures [13]. LaCO3OH hierarchical nanostructures with a uniform apple-like morphology have
been prepared using a hydrothermal method involving a gelatin starting material in conjunction with
a structure-directing agent [14]. The volume ratio of an ionic liquid (1,1,3,3-tetramethylguanidinium
lactate) to water in a solvothermal process has been tuned to synthesize LaCO3OH with a nanowire
morphology [15]. Recently, LaCO3OH microspheres were synthesized using a hydrothermal method
involving La(NO3)-6H,0O, and Ca nitrate salt at lower temperature [16]. Fei et al. also prepared
LaCO3;0H triangular nanoplates using La(CH3;COO),-H,O and ethylene glycol [17]. Guogang et al.
developed microcrystals of LaCO3;OH using a hydrothermal method without templates to obtain
an orthorhombic phase [18]. Bao et al. synthesized LaCO3;0OH using a facile hydrothermal method,
however, the product was phase-pure orthorhombic LaCO3;0H with a mixture of rod and spherical
particles morphology [19]. At higher temperatures, it was noticed that the orthorhombic structure
of LaCO30H is less stable as compared to the hexagonal structures [20]. Moreover, LaCO3;OH with
phase-pure hydrocarbonates structure had scarcely studied in the open literature. This was due
to difficulty in synthesizing LaCO3;OH with organic additives and templates that arises due to the
complicate reaction mechanism, undesirable by-products, and higher production costs.

Several approaches have explored the development of more convenient synthetic methods for
fabricating crystals in a controlled shape to enhance their performances. Hydrothermal methods
are common in industrial processes because they are rapid, enable large-scale production, and have
low processing costs [21]. These processes allow excellent control over the reaction conditions and
product morphologies. A variety of inorganic materials having diverse architectures and controllable
morphologies may be fabricated using a solution-based hydrothermal treatment [22].

Among toxic gasses, the concentration of nitrogen oxides (NOx = NO + NO,) is growing due
to the enormous increase in fossil fuel consuming vehicles, industries and urban development [23].
As a consequence, there have been serious environmental issues, such as increases in air pollutants,
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smog and global temperature increment. Among different air pollutant NOx is the most hazardous
pollutant and prolong exposure can cause breathing difficulties, coughing, and cyanosis. Further, NOx
becomes more toxic under the presence of solar radiation and produces toxic ozone by photochemical
reaction. This causes toxic acid rain which creates problems in the atmosphere, humans, soil, rivers, and
crops [24]. Therefore, to reduce NOy, several investigators tried zeolite catalysts as a selective catalytic
reduction (SCR). However, due to the instability of zeolite catalysts in the presence of H,O vapor, this
becomes an obsolete choice as exhaust gases mainly contain H,O vapor [25]. Further, the performance
of three-way catalysts in the reduction of NOy also found insufficient under the condition of the
oxygen-rich environment [25]. Therefore, chemicals such as n-octane hydrocarbons, propane, ethylene,
and propylene, were recently getting attention in NO reduction under the presence of O, [26,27].
Also, chemicals like methane having strong C-H bonding can be used as de-NOy catalysts. The only
issue with methane as a reduction agent is that it works at higher temperatures. It was thought that
this sort of catalytic mechanism is responsible for the methane oxidative coupling [28]. In addition,
the exact NO reduction mechanism with CHj in the presence of O, over metal oxide leftover unsolved.
The catalytic activities under the presence of O, were performed by Fokema and Ying [29] for the
oxides, i.e., Y203, Sc;03, and LayO3 with CH4. Among the catalysts tested, LayO3 performed extremely
well, and the presence of oxygen with CHy is almost comparable in catalytic activity compared to that
of Co-ZSMb5. Moreover, it is found that different activities reported for La,O3, Sr/La;O3, and CaO
are similar or greater. Recently, in the presence of oxygen with CHy, Fliatoura et al. recorded NO
reduction of La;O3—CaO mixed oxides and pure CaO [30,31]. Anastasiadou et al. studied that Ca%t
system doped with La,O3 significantly increases the NO reduction with CH, compared to pure La,O3
and CaO alone in the presence of O, [32]. After doping CaO into La®* ions, the same phenomenon
was observed too. We reported Ca-Sm—-Sn-Ni-O based oxides powders with mixed phases for NO
reduction with CHy, C;Hy, and C3Hg in the presence of O; [33]. The performance of single-phase
metal oxide ousted that of mixed-phase with other benefits of minimizing NO reduction time [34].
The co-precipitation method was used to prepare those mentioned above La,O3—-CaO mixed oxides
and CaO alone. But due to the large grain size, the surface area of the mixed oxide sample was very
low. This co-precipitation synthesis process results in non-homogeneous particle distribution with the
rough morphology of mixed oxide powders [35]. Hydrothermally synthesized powders, on the other
hand, were having homogenous agglomerates, light in weight, low-temperature synthesis process, and
high purity [36]. The above discussion highlights the fact that a simple template-free synthetic method
would be highly attractive for increasing the purity and yield of specific morphologies. Template-free
methods are simple because they involve a one-step effective solution-phase route to fabricating novel
inorganic materials without assistance from other reagents. To the best of our knowledge, LaCO;OH
samples with a nanoprism-like structure have not yet been fabricated via a facile hydrothermal method
without the assistance of additives. We examined the PL properties of the as-prepared samples at
room temperature. Additionally, CaO containing La,O3 and LaCO3OH powders were synthesized
hydrothermally and heat-treated at 800 °C. Further, under the presence of H,O vapor and oxygen,
the reduction pattern of NO was analyzed by using hydrocarbons.

2. Results and Discussion

A flowchart for a fast understanding of the entire research work that has been accomplished in
the present work is given below Scheme 1.
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LaCOEOH Nanoprisms and their Luminescence and NO reduction properties
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Scheme 1. A flowchart of the entire research work that has been accomplished in the present work.

The X-ray diffraction patterns of synthesized samples (a) LC-1, (b) LC-2, and (c) LC-3 was
shown in Figure 1. Figure 1a reveals that LC-3 was composed of a mixture of Ca(OH),, CaCOs3, and
La(OH)3, indicating that phase-pure hexagonal LaCO3OH could not be formed at a La:Ca molar ratio
of 25:75 mol%.

The LC-2 sample (Figure 1b) displayed an X-ray diffraction (XRD) pattern very similar to that of
the phase-pure LaCO3;0H, however, a La(OH); peak appeared at 30°, corresponding to the JCPDS
36-1481 La(OH); reference peak. As illustrated in Figure 1c, all product peaks can be indexed to the
pure hexagonal phase of LaCO3;0H, corresponding to the reference peaks of JCPDS no. 26-0815, with
lattice constants a = b = 1.262 nm and ¢ = 1.003 nm.

No other peaks were observed due to Ca, La, or their oxides or hydroxides. It seems that a high
purity of the as-synthesized product was obtained. Zhang et al. [16] found a similar XRD pattern for
the hexagonal LaCO3;OH. Phase-pure LaCO3OH (sample LC-3) was obtained using a La:Ca molar ratio
of 75:25 mol%. By obtaining the synthesis method, well-crystallized LaCO3O0H crystals could be easily
obtained as revealed from the XRD pattern. These outcomes also suggested that Ca" ions partially
substituted La3* host lattice sites, confirming the results reported by Lee et al. [37]. The absence of
CaO in the phase-pure LaCO3OH may be due to high CaO dispersion and restriction the growth of
Cao crystal. Those samples were Au-coated and then analyzed under field emission scanning electron
microscopy (FESEM). Figure 2a displays the LC-1 FESEM images.
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Figure 1. X-ray diffraction (XRD) patterns of (a) LC-1, (b) LC-2, and (c) LC-3 samples prepared by the
hydrothermal process at 200 °C, for 24 h at pH 8.5.

Figure 2. Field emission scanning electron microscopy (FESEM) representations of the samples (a) LC-1,
(b) LC-2, and (c) LC-3. The inset in (b) shows a high-magnification image of the sample LC-2.
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The nanoparticles were slightly spherical in structure and appeared to be slightly melted and
affix to one another. The nanoprisms were hexagonal-shaped hierarchical assembled by building
blocks (see the inset in Figure 2b) and exhibits perfect smooth prism surface like morphology. Each
particle resembled a hexagonal ice-piece. The LaCO3;0H (sample LC-3) FESEM images revealed a
geometric basket full of triangular prisms (Figure 2c). Zhang et al. described a mechanism underlying
the synthesis of LaCO3;OH under conditions that promoted a fast overall growth rate. This mechanism
predicted anisotropic growth [16]. The addition of Ca?* ions may enhance anisotropic growth.
Triangular LaCO3OH nanoprisms with smooth surfaces and sharp corners were revealed by TEM
imaging, as shown in Figure 3.

(a)

500 nm

AR A

Figure 3. (a) TEM image of the LC-3 sample, its (b) high-magnification TEM image, and (c) the
corresponding high-resolution transmission electron microscopy (HRTEM) image and selected area
electron diffraction (SAED) pattern (inset in Figure 3b) obtained from the head region of a triangle.
(d) EDS spectrum of an LC-3 nanoprism.

The morphology was characterized as a three-sided triangular nanoprism. Some particles were
polyhedral in morphology, with a triangular base and three faces joining the corresponding sides.

Figure 3c represents images of the LC-3 sample obtained from high-resolution transmission electron
microscopy (HRTEM), which revealed lattice fringes of long-range. Further, Figure 3b represents the
nanoprism pattern obtained from the selected area electron diffraction (SAED). The diffraction points
corresponding to the (0000), (12 20), (24 20), (3030 ), and (42 20) planes of the hexagonal LaCO3;OH.
As shown in Figure 3¢, the d-spacing of hexagonal LaCO3;OH suggested the (3030) and (0330) planes
with a calculated interplanar spacing of 0.33 + 0.004 nm. As was evident from the EDS spectrum,
the substance was composed of La, C, and O (Figure 3d), indicating that the products contained no
additional elements.

The mechanistic underlying the nanoprism growth of LaCO30H was explored by collecting TGA
and DSC measurements (Figure 4) from the three samples under an inert argon atmosphere.
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Figure 4. TGA/DSC profiles obtained from the (a) LC-1, (b) LC-2, and (c) LC-3 as-synthesized products.
TGA/DSC curves obtained at a heating rate of 10 °C min~" in air.

Figure 4 depicts the representative TGA/DSC profiles of the samples LC-1, 2, and 3, collected
after hydrothermal treatment at 200 °C for 24 h. Only the LC-1 sample displayed a slight weight loss
immediately after the start of the experiment, possibly due to the removal of physically absorbed
water. The TGA results indicated that the weight loss occurred in two steps during the thermolysis
of the samples. Weight losses of 8%, 11%, and 15% were observed for the LC-1, LC-2, and LC-3
samples over the temperature range of 580-770 °C, accompanied by a well-defined endothermic peak
at 504 °C. The first weight losses above 400 °C and 600 °C were attributed to the decomposition of
LaCO3;0H and the formation of LapO,COs3, CO,, and H,O. The second significant weight losses for
the LC-1, LC-2, and LC-3 samples were 30%, 20%, and 12% in the temperature range 775-850 °C,
as presented in Figure 4a—c. The associated endothermic peak revealed a shoulder at 850 °C for the
LC-1 sample (Figure 4a). Two endothermic peaks were observed in the LC-2 sample (Figure 4b) at
780-810 °C. The LC-3 sample displayed a shoulder and a sharp endothermic peak at 775-820 °C for the
second weight loss and an endothermic signature was attributed to the transformation of LaCO;OH
to LapO,COj3. The weight loss processes were characterized by rates that followed the trend LC-3 <
LC-2 < LC- 1. The weight-loss behavior revealed the formation of a rigid crystallite. The weight loss of
LC-3 was quite low, particularly at the second step, compared to the corresponding values of LC-1 and
LC-2, indicating that LC-3 was highly stable, even at high temperatures. The TGA-DSC curves of the
LaCO3;0H sample (Figure 4) revealed that LC-2 and LC-3 were thermostable below 450 °C. Vilas et
al. reported a three-step weight loss for the LaCO3OH superstructure [38]. The first weight loss was
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attributed to the loss of loosely absorbed water however, we did not observe this weight loss in our
fabricated nanoprisms, particularly in the LC-3 sample.

The samples of as-synthesized FTIR spectra, i.e., (a) LC-1, (b) LC-2, and (c) LC-3 are presented in
Figure 5.

(b)

Transmittance (%)

(a)

2360

T T T T

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)
Figure 5. Samples of as-synthesized FTIR spectra (a) LC-1, (b) LC-2, and (c) LC-3.

Under the presence of structural H;O and OH groups on nanomaterials low absorption peaks of
size 3476 and 3616 cm™~! were observed. The other intense peaks at 1495-1436 cm™! were attributed
to the carbonate v3 mode and the weak peaks at 1086-872, 843, and 776-705 cm~! were assigned to
the carbonate ion modes vy, vp, and v4 respectively [39]. At the 683 cm™! peak, a weak feature was
observed due to water molecules” bending vibrations mode —doy. Further, except for the 1000 cm™!
below the peak, other FTIR spectra peak were similar. The LC-3 (Figure 3c) spectrum certified the case
that the nanoprisms were made out of La(CO3)OH. A similar IR pattern for a hexagonal LaCO;OH
sample was reported by Zhang et al. [16]. Figure 5a represents an LC-1 sample having weak five
peaks below 1000 cm™!. For the LC-1 sample, the very weak band was observed at 846 cm ™! with no
absorption peak at 683 cm~!. Only the sample spectrum of LC-3 shows a weak band at 2360 cm™~!,
due to carbon dioxide deformation mode at characteristic bands. The XPS examinations characterized
the oxidation states and composition surfaces. The XPS spectra of LC-3 samples were presented
in Figure 6, represent impurity carbons species, O, Ca, and La at the surface of LC-3 with no other
elements deposition.
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Figure 6. Typical as-synthesized LC-3 XPS spectra: (a) survey spectrum, (b) region La 3d; (c) region Ca
2p, (d) region O 1s, and (e) region C 1.

These outcomes match well with the EDS results. As presented in Figure 6b the main peak
occurred at 838.8 and 855.3 eV, which corresponds to the 3d9, 4f! configuration of La 3ds; and La
3ds), with shake-up peaks (the 3d%4f! configuration). These peaks presented the oxidation state of
La(III). For the sample of LC-3, two broad peaks were seen at 351 and 347 eV in the region of Ca 2p,
showing the presence of Ca in the compound of LaCO3OH. This investigation, hence, uncovered
another synthetic method dependent on modulating La and Ca molar proportion for the LaCO;0H
nanoprism structure fabrication in its pure phase. In the previously prepared sample, O 1s XPS peak of
broad nature corresponds to oxygen lattice was appeared at 531.5 eV [40]. As presented in Figure e,
the C 1s spectrum having two peaks at 284.60 eV and 289.6 eV were designated to carbon and carbonate
contamination, respectively. While at 289.60 eV, C 1s electron binding energy was given to the C-O
peak. The percentage of atomic ratio calculated using the XPS experiment (Table 1) is very important.
It plays crucial role in deciding the real catalytic reaction mechanism.

Table 1. Atomic ratios in three samples using XPS study.

Atomic Ratio (%) La Ca C (@)
La:Ca (25:75) 8.27 2.66 12.22 76.82
La:Ca (50:50) 8.39 4.08 12.65 74.88
La:Ca (75:25) 11.08 0.73 17.71 70.50

Figure 7 shows the pore structures of LC samples with molar ratios of: (a) 25:75, (b) 50:50, and
(c) 75:25, which were obtained by determining their N, adsorption—desorption isotherms. The pores
range from large mesopores to macropores because there is a marked leap in the high P/P, range
(0.8-1.0) in the isotherms of all samples. The presence of slit-like pores is suggested by the type of
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isotherm, which is characteristic of adsorption on a layered solid. The surface areas were found to be
5.15, 2.45, and 3.75 m?/g for the samples in Figure 7a—c, respectively, which indicates that the surface
area is high when the La content is low. The nanoparticles with a spherical structure have higher
surface areas. The surface area plays a crucial role in catalytic process, as defined in the section below.

16 -
14 1
12 1

P

——

Quantity Adsorbed (cm?/g)
(= 2]
1

500
RN

0.4 0.6 0.8 1.0 1.2

Relative Pressure (F/P,)

Figure 7. N; isothermic adsorption—desorption of as-synthesized samples: (a) LC-1, (b) LC-2, and

(c) LC-3.

The La’" has vacant 4f shell, but still responsible for rare-earth ions fluorescence due to the
transitions of the interior electron. Therefore, for the LaCO30OH powder, no f-f transitions were
attainable [41]. Thus, the present study provides a broad emission band obtained from the LaCO;OH
nanoprisms La:Ca of 75:25 at 399. The morphology of LaCO30H (LC-3) had a rectangular and
triangular shape with a smooth surface. Upon 280 nm excitation, the sample LC-3 showed high PL
intensity, corresponding to deep-level or self-trapped exciton (STE) luminescence [Figure 8] using

the filter.

Intensity (a.u.)

399 nm

360

380 400 420 440
Wavelength (nm)

Figure 8. Photoluminescence spectra (excited by Aex = 280) of (a) LC-1, (b) LC-2 and (c) LC-3 samples

at room temperature.
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Moreover, samples with La:Ca of 50:50 exhibited comparable PL activity. Based on such analogous
performance, it seems reasonable to infer that the activity is dictated by distinct shape, size, and better
crystallinity rather than the amount of lanthanum. As shown in Figure 2, the morphology of three
samples was different from each other. The sample with La:Ca of 50:50 had a hexagonal-shaped
hierarchical structure, and all the particle sizes were of an almost similar size. The PL intensities
were reduced in the sequence of LC-1 < LC-2 < LC-3. The similar photoluminescence (PL) properties
were observed by Zhang et al. [16] in microspheres of LaCO3;OH by providing excitation at 438 nm.
Several free electrons and holes were generated by Lattice irradiation while electron-hole pairs
were directly formed from STEs. The STEs diffusion generates the luminescence spectrum through
nonradiative recombination. Further work is needed to explore the PL mechanism in LaCO;OH
nanoprisms. The sample with La:Ca of 25:75 had agglomerated particles, and the sizes were quite smaller.
The development of methods for fabricating rare and novel LaCO3OH morphologies is necessary for
achieving the size- and shape-dependent luminescence properties needed for practical applications.

NOx Reduction by CHy

The demand for methane as a de-NOx catalyst for high-temperature applications is increasing
considerably due to easy availability and low cost. It is important to note that methane activations
happen at a higher temperature. Thus, X-ray diffraction, FESEM image analysis, and NO reduction
testing were performed over all as-synthesized samples after heat treatment (800 °C for 2 h).
Figure 9a’—’, displays the X-ray diffraction patterns of calcined (800 °C for 2 h) samples of LC-1, LC-2,
and LC-3. The results obtained for LC-1, LC-2, and LC-3 were shown in Figure 9a’—c’ respectively, had
peaks due to CaO and La,O; for the three samples. For La(OH)3, three peaks were observed in sample
in Figure 9 (LC-1-(a")).

3
800 C 8
- S )
2h 3
3
£
10 20 :;o 4|o slo elo 7|o 80
G2 () 0=LalOH| _
®=13a,0 3
a,\U; E.,
. . >
' o ® ‘B
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[ ] * o
s A A %
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3
8
2
I
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3
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Figure 9. FESEM images of calcined samples (800 °C for 2 h) LC-1 (denoted as a’), LC-2 (denoted as b’),
and LC-3 (denoted as ¢’) and XRD patterns for the same samples.
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Furthermore, elaborating Figure 9a’ suggested that only one peak of CaCO3 was visible and
remaining peaks were of La;O3, La(OH)3, and CaO. It was also found from Figure 9a’,b’ that almost
all the peaks follow same pattern. The detection of the La(OH)3; peak was observed after calcination
for two hours, and at 800 °C, this was due to Lay;O3 hygroscopic nature. Xie et al. studied the effect of
relative air humidity during the refrigeration process of LaCO3;OH. They also observed the impact of
humidity over the LaCO30OH sample, which was synthesized using the hydrothermal process using
glycine and LayOj as the starting material [42]. Costa et al. suggested that crystalline stages of CaO,
Lay;O3, CaCOj3, Ca(OH),, and La,O,COj5 after heat treatment for two hours and at 800 °C [31]. It is
important to note that as many research groups [31,32] suggested the most active phases for reduction
of nitrogen oxide with methane were La;O3 and CaO. We did not obtain phase-pure La; O3 for the three
samples after calcination. All of the peaks are due to a combination of La;O3, CaO, and CaCOs, phases
as presented in Figure 9a’—’. The FESEM images of the calcined samples display a very different kind
of morphology compared to as-synthesized samples, as seen in Figure 9. The size of the particles was
decreased and showed cotton type morphology (Figure 9a’). In the case of Figure 9¢’, agglomerated
particles were formed. The NO reduction of calcined (Figure 9a’—c’) powders with CH4 were presented
in Figure 10. In Figure 10, calcined samples of LC-1, LC-2, and LC-3 represent the same meaning of
Figure 9a’—c’.
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Figure 10. The catalytic activities of LC-1 (referred to as a’), LC-2 (referred to as b’), and LC-3 (referred
to as ¢’) calcined powdered samples with NO reduction as a function of temperature of the reaction.
The reactions were performed with a feed containing 1000 ppm NO, 2000 ppm CHy, and diluted 5% O,
in He, and 0.18 g of the catalyst and a GHSV (gas hour space speed) of 20,000 h'.

NO reduction activity was started at 400 °C and increased gradually with maximum activity
ranges between 600-660 °C. For LC-1 sample highest NO conversation activity was recorded, which
was 70% in the 600-670 °C temperature range. Further increment in temperature, i.e., beyond 660 °C,
caused decreases in NO conversion activity for all samples. The LC-1 sample showed the highest NO
reduction activity probably due to its higher oxidation rate by oxygen other than these catalysts, which
is a hydrocarbon-consuming side-reaction. The catalytic performances of LC-1 and LC-2 catalysts
were found to be more superior as compared to LC-3, catalysts are most likely due to the presence of
CaO containing the La,O3 phases in both catalysts. The high catalytic activity of the LC-1 sample was
observed due to the high surface area, presence of La and Ca mixed active phases, presence of high La
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and Ca atomic ratio, and cotton-like morphology, which might help absorption and decomposition.
Anastasiadou et al. reported that La,O3-Ca®* mixed oxides system enhanced the NO reduction with
CH4 compared to pure La,O3; and CaO alone in the presence of O,. Table 1 shows the presence of
LayO3 and CaO in the LC-1 and LC-2 samples (as-synthesized samples) was quite high, which might
play a crucial role in higher NO reduction.

Moreover, after calcination process for two hours and 800 °C, the LC-2 sample showed a highly
porous structure. For the reduction of NO with methane, methyl radical production was significantly
affected. Nonetheless the exact reaction mechanism of NO reduction with CH, remains unknown in
the presence of O, over metal oxide [28]. The NO reduction activities were decreased for the LC-3
sample. The low activity of LC-3 calcined sample was attributed to the undefined structure of the
agglomerated morphology (Figure 9), low surface area and very low Ca content and very high C
content in the LC-3 sample (Table 1). Currently, our research area is focusing on solving this issue
mentioned above.

The quantity of N,O in the sample depends upon the conversation rate of NO as well as the
N,O decomposition to Np. It was previously [27] observed that Ca/Lap,Os catalyst produces the
negligible quantity of N,O, which was intermediate during NO with the CHy reduction process.
The N,O decomposition rate over the LC-1 catalyst was much larger than the NO reduction rate,
causing a low N»O concentration in the reaction products. A minimal amount of N,O was produced
in the reduction of NO with Op/He and CH4/O,/He in the presence of CaO alone, and NO, was not
detected [27]. The activities of the catalyst were reduced severely in presence of water vapor [43].
At 700 °C, the average catalytic activity of Co/ZSM-5's is relatively lower than La;O3’s [27,44]. In the
presence of 5% H,O vapor and O, [31], CaO alone is stable. The sample of calcined LC-1 was checked
for fifty hours under the presence of 2% water vapor and found that maximum durability was achieved
at 500 °C. Further, it was found that by shutting off the supply of H,O vapor NO conversion can be
improved and this effect can be completely reversible. The nitrogen oxide conversion reduces only by
8%, under hydrothermal conditions, within 50 h, drastic changes were not observed. The ability to
withstand the presence of H,O vapor is attributed to its ability to replace the carbonaceous surface
materials accumulated on the catalytically active sites [44-46]. The high catalytic activity, as described
above, is most likely due to the presence of the mostly LayO3 phase and strongly scattered CaO or
doped into LayO3 phases. These stages may assume an essential job in delivering a higher activity
of the catalyst, particularly within the presence of HyO. Wang et al. likewise announced that the
expansion of CaO, as well as La;O3, improved the stability altogether because of the suppression of
carbon deposition [47]. CaO reacts with CO; readily produces various types of surface carbonate
products, as well as bulk CaCOs. The stable species of adsorbed carbonate was formed as the product
of carbon dioxide reaction which lowers the nitrogen oxide reduction rate. The catalytic efficiency
found in this study with high resistance to H,O is most likely due to the absence of phases of CaCOj3
and Ca(OH);, which are mainly species that produce carbon.

3. Materials and Methods

3.1. Chemicals

This research used La(NOj3)-6H,O and Ca(NOj3)3-4H,O for the preparation of LaCO3;0OH
compound. T La salt and ethyl alcohol were purchased from Sigma-Aldrich Co. St. Louis, MO, USA.
Conversely, the Ca salt was bought from Fluka (Buchs, Switzerland) and (NH4),CO3 from Merck
(Darmstadt, Germany).

3.2. Hydrothermal Method

During nanoprism synthesis, La:Ca = 25:75 (LC-1), La:Ca = 50:50 (LC-2), and La:Ca = 75:25 (LC-3),
the raw materials used were appropriate amounts of La(NO3)-6H,O and Ca(NOj3)3-4H,O. The starting
salts were dissolved in deionized water. For the co-precipitation of metal ions a sufficient volume of
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(NH4)2CO3 solid powders has been applied. The solution’s pH was kept at 8.5, and the solutions were
mixed briskly for 12 h. The solution was then transferred into an internal plastic container of 500 cm?
which was put in a steel vessel. The vessel’s mouth was closed, where the hydrothermal reaction
proceeded at 200 °C for over 24 h. The resulting powders were three times washed with alcohol and
deionized water and dried at 110 °C. Those powders are classified as “as-synthesized” samples here.

3.3. Analysis

This study conducted X-ray diffraction (XRD) analysis using a Bruker D8 Advance diffractometer
device (Bruker AXS Analytical X-ray Systems GmbH, Berlin, Germany). The operating voltage and
current of the diffractometer device are 40 kV and 40 mA, respectively, that uses Cu K« radiation
(A = 1.5405 A) and monochromator graphite. The samples were examined at a scanning velocity
of 2 min~! over the 2h 10-80° range. Using the KBr pellet technique, it collected Fourier transform
infrared (FT-IR) spectra at a Bruker FT-IR spectrometer (Bruker AXS Analytical X-ray Systems GmbH,
Berlin, Germany). Field emission scanning electron microscopy (FESEM: TESCAN LYRA3, Brno, Czech
Republic) determined the sizes and the morphologies of the products. The images were collected at
10 kV acceleration voltage. The energy dispersive X-ray spectra (EDS) was captured using an Oxford
Instruments X-mass detector fitted with a Lyra3 TESCAN FESEM, JEOL USA Inc. Peabody, MA, USA).
To acquire the TEM images, a transmission electron microscope (JEOL Inc., JEM 2011, Peabody, MA,
USA) with a 4k x 4k CCD camera (Ultra Scan 400SP, Gatan) working at 200 kV. To evaluate samples the
specific surface area and pore diameter and volume, a NOVA-1200 device (JEOL USA Inc. Peabody,
MA, USA) was used. A Tristar II 3020 system was employed to measure the BET surface area.

The powders were evacuated for three hours at 200 °C, whereas the catalysts N, adsorption
isotherms were acquired in liquid N (=196 °C). Barrett-Joyner—-Halenda (BJH) formula was used to
get the pore size distribution. About 10 mg samples were used to perform TGA, using a Shimadzu
thermal analyzer, Tokyo, Japan (TA-50). This research maintained a heating rate of 10 °C/min
from room temperature to 600 °C under dry nitrogen. A spectrofluorometer (FluorologFL3-iHR,
HORIBA Jobin Yvon, France) was used to conduct measurements of photoluminescence (PL). The X-ray
photoelectron spectroscopy (XPS) (ESCALAB-250, Thermo-VG Scientific, Waltham, Peabody MA,
USA), with Al-K« radiation (1486.6 eV) was used to investigate the chemical compositions of the
samples. Ambient temperature and 5 x 1071? mbar pressure were maintained when taking XPS spectra
in a specimen chamber.

3.4. Measuring Catalytic Activity

A Pyrex glass tubular reactor that has a 12 mm internal diameter was used for catalytic output
experiments. The samples were retained in the reactor among glass wool plugs. The gas flow rate
was controlled by a mass flow controller, and the total flow rate was determined by an electronic
4-channel constant value. A PC temperature controller increased the temperature of the furnace at
a linear heating rate of 10 Kmin~! (approximately). The complete system was activated before the
performance tests, where the temperature was raised from 200 to 800 °C under real feed conditions.
During the cooling process from 700 to 200 °C in a step of 60 °C, the system was stabilized for 40 min at
each selected temperature level, and data were recorded. Ten percent of H,O vapor was inserted with
a micro-pump into the gas mixture during the H,O vapor test. The catalytic activity was measured in
a flow gas containing 1000-2000 ppm NO, 5% O,, and 2%-10% diluted H,O in He; catalyst weight
0.18 g; GHSV (gas hour space speed): 2000 h™?.

Gas chromatography and a molecular sieve were used at intervals of 20 min for the study of the
effluent gas. An experiment was performed using an empty catalyst testing station to flow the original
feed to verify that no NOx reduction occurred in the absence of a catalyst. This study determined the
NO and hydrocarbon conversion based on hydrocarbons intake in order to obtain the NO reduction
percentage. The conversion of NO and the conversion of hydrocarbons to COx (CO + CO,) was
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calculated using the following expressions. N,O production had been negligible. The percentage error
should be less than 2% in the measurement results.

2|N
NO conversion to Ny (%) = [ 2] x 100 (1)
[NO™]
, 3(CO,]
CHy conversion to CO,(%) = AL x 100 2)
C

The 3rd bracket denotes the feed concentration whereas [NOJ™ and [CH4]™ are the initial
concentrations of NO and CHy, respectively. The final concentrations (after testing) of N, and CO, are
denoted by [N,] and [CO»], respectively.

4. Conclusions

Without the assistance of organic additives or templates, a novel LaCO30H nanoprism synthesis
route was developed. The large-scale production of phase-pure hexagonal LaCO3;OH nanoprisms
was achieved using a hydrothermal method. The nanoprisms were distinctive and homogeneous,
with smooth surfaces and sharp corners. No irregular nanoparticles were observed in the integrated
nanoprism microstructure. This new synthesis route represents a novel and general approach to the
synthesis of rare-earth compounds with a variety of morphologies and properties. The advantages of
favoring the scaling-up of nanoprisms are the simplicity of the hydrothermal process, its cheapness,
and the availability of raw materials. Such materials could be useful in the field of color displays
and could provide new opportunities for morphology-dependent luminescence properties systematic
evaluation. LaCO3;0OH showed an excellent photoluminescence property at room temperature. Diverse
morphologies and emitting colors may potentially be fabricated using a rare-earth activator ion
mixed with Ca?* nanomaterials. Moreover, for the reduction of NO by methane, high catalytic
activity was shown by Cao containing LayOj3 catalysts. This catalyst also shows higher stability in
the presence of higher space velocity. The as-synthesized nanoprisms were characterized by powder
X-ray diffraction, FT-IR spectroscopy, TEM, FESEM, energy-dispersive X-ray analysis, and X-ray
photoelectron spectroscopy.
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