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A B S T R A C T   

Efficient nitrogen oxides (NOx) removal from the urban atmosphere is still a target for the researchers. Herein, a 
Zn2Al-CO3 based layered double hydroxide (LDH) was doped with increasing amounts of Eu3+ (0.01–0.04) and 
the photocatalytic oxidation of NOx gases was investigated. The LDHs were synthesized by a facile coprecipi
tation method at room temperature and ambient pressure. The successful Eu3+ substitution in the LDH layers 
induces a shift in the M− O bonds that modifies the electronic band structure of the doped photocatalysts. 
Compared to the undoped LDH, the NOx removal efficiency was enhanced by ~ 17–25 % under UV–Vis light 
irradiation. Remarkably, a NOx removal efficiency of ~ 47 % was attained by the optimally doped LDH under 
Visible irradiation (420 nm), surpassing raw LDH (~ 9 %). Moreover, the Eu3+ doped LDHs retained its pho
tocatalytic efficiency during long periods of irradiation during consecutive tests with high selectivity (>90 %). 
Photoluminescence studies indicated that Eu3+ was located in a non-centrosymmetric position, thereby pro
ducing structural disorder within the lattice. Eu doping promoted charge separation and a higher production of 
⋅OH radicals as verified by time-resolved photoluminescence and electron paramagnetic resonance, respectively. 
We believe this work reports unprecedent results obtained by Eu-doping of Zn2Al-based LDHs under visible light 
for NOx photooxidation and serves as a new strategy to prepare functional LDHs for other photocatalytic 
applications.   

1. Introduction 

Layered Double Hydroxides (LDHs) are a class of layered compounds 
which possesses a brucite-like structure. The layers have positive charge 
due to the substitution of divalent metal cations (Mz+) by tri or tetra
valent metal cations (M’y+), this charge is balanced by intergallery an
ions (An–) embedded between the brucite-like sheets [1,2]. LDHs have 
the formula [(Mz+

1-xM’y+x(OH)2)w+](An–)w/n⋅mH2O, giving rise to enor
mous composition possibilities. The unique LDH structural features, 
together with its 2D morphology, bandgap engineering, diverse elec
tronic excitation pathways, highly dispersion of metal sites, low cost, or 
facile synthesis have attracted a recent interest in the field of photo
catalysis [3,4]. In this context, LDHs have acquired application 

prospects in CO2 photoreduction [5,6], water splitting [7], nitrogen 
reduction [8] and photodegradation of organic pollutants [9]. 

Remarkably, a recent application for the LDHs consists in the pho
tocatalytic removal of NOx gases from the urban environment (De-NOx 
process) [10–14]. In this methodology, the LDH photocatalyst can 
oxidize NOx towards nitrates/nitrites species thanks to the interaction of 
water, oxygen, and sunlight irradiation from the atmosphere [14,15]. 
Notwithstanding the latest progresses in LDHs as De-NOx photocatalysts, 
typically LDHs show poor De-NOx performance under visible light 
irradiation due to a high recombination ratio of the photocharges, 
thereby limiting the efficiency for the solar energy harvesting 
[10,11,13,16]. Generally, LDH photocatalysts usually require the com
bination with other non-sustainable compounds (e.g., quantum dots, 
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noble metal nanoparticles, Bi-containing compounds, etc.) to overcome 
its limited visible-light photocatalytic performance [17–21]. In this 
context, LDH doping is an excellent way for tailoring the band gap en
ergy, allowing improvements in light absorption and carrier separation. 

Doping photocatalysts with Eu3+ cations has been a common 
approach in many photocatalytic applications because the rich electron 
availability and the numerous electron transitions in the Eu 4f orbitals, 
thus favoring photocharge migration. Furthermore, owing to its large 
cationic radius (0.95 Å), Eu3+ insertion into a lattice structure may 
create strain or defects, which can produce new energetic states in the 
band gap of the material, serving as new ways for photocharge deacti
vation and thus improving the photocatalytic performance [22,23]. In 
this sense, ZnO [24–26], TiO2 [22,27–29], Bi-containing compounds 
[30,31] or CaWO4 [32] have been doped with Eu3+ to obtain im
provements in visible light response, retardation in electron-hole 
recombination or increasing absorption edge. 

Herein, we have doped Zn2Al-LDH with small quantities of Eu3+ by 
using a coprecipitation method at room temperature. Eu doping, by 
various amounts, was carried out by partial replacement of Al3+ in the 
metal hydroxide layers of the LDH. Changes in the crystalline structure, 
light absorption ability and electronic properties were observed for the 
europium containing Zn2Al-LDH samples. Photoluminescence and spin- 
trapping experiments revealed that the optimal Eu-doped LDH had less 
photocharge recombination and higher radicals production. As a result, 
the Zn2AlEux-LDH samples (x = 0.01–0.04) exhibit higher performance 
for the photochemical abatement of NOx gases, specially under visible 
light irradiation. To the best of our knowledge, this work reports for the 
first time the use of Eu-doped LDHs as photocatalysts, these materials 
exhibit unprecedent performance efficiencies for De-NOx under visible 
light, opening the door to new research in the field of photocatalytic 
systems based on LDHs. 

2. Materials and methods 

2.1. Chemicals 

The following raw chemicals were used as received from Sigma- 
Aldrich: ZnCl2, AlCl3⋅6H2O, EuCl3, Na2CO3, NaOH, methanol and 5,5- 
dimethyl-l-pyrroline-N-oxide (DMPO). Milli-Q® water was used for 
the experimental section. 

2.2. Photocatalysts preparation 

A modified method from the literature was adopted in order to 
synthesize the Eu-doped Zn2Al-LDHs [33]. Solution A was prepared by 
dissolving 60 mmol NaOH and 20 mmol Na2CO3 in 80 mL H2O. Solution 
B was prepared by dissolving 20 mmol ZnCl2, a mmol AlCl3⋅6H2O, and b 
mmol EuCl3 in 80 mL H2O (a + b = 10 mmol). The Zn2+:M3+ ratio was 
kept to 2 and the Eu3+:(Al3+ + Eu3+) molar ratio (R) was varied (R = [b/ 
(a + b)] × 100 = 0, 2, 10 or 15). Solution A was thoroughly dropped into 
solution B by using a syringe pump (1.86 mL min− 1) under vigorous 
magnetic stirring (1000 rpm). After that, the mixture was aged at room 
temperature for 24 h, keeping the magnetic stirring at 500 rpm. Sub
sequently, the dispersion was centrifugated (4000 rpm, 5 min) and 
washed with water several times, until pH = 7. Finally, the obtained 
LDH was dried in a vacuum oven at 30 ◦C for 24 h, obtaining around 3 g 
of a white powder. The sample nomenclature was Zn2Al (no doping; R =
0) or Zn2AlEu-R (Eu doping), R indicated the above-mentioned molar 
ratio. It is worth mentioning that the Zn2+:M3+ ratio influences the 
photocatalytic efficiency [12]. However, even though the identical 
synthesis protocol was essayed, other attempts with different metal ratio 
failed. Thus, by using a Zn2+:(Al3+ + Eu3+) ratio = 3, impure LDH was 
obtained (extra phase of ZnO was found). 

2.3. Characterization of the samples 

The obtained samples were characterized using the following tech
niques: Synchrotron X-ray diffraction (SXRD), X-ray photoelectron 
spectra (XPS), Ultraviolet Photoelectron Spectroscopy (UPS), Attenu
ated total reflectance Fourier transform infrared spectroscopy (ATR-FT- 
IR), in situ diffuse reflectance infrared Fourier transform spectra 
(DRIFTS), Raman spectroscopy, Ultraviolet–Visible Diffuse Reflectance 
Spectroscopy (UV–Vis DRS), Nitrogen adsorption–desorption isotherms; 
High Resolution Transmission Electron Microscopy (HRTEM), Scanning 
Electron Microscopy (SEM), Energy Dispersive X-ray spectroscopy 
(EDX), X-Ray Fluorescence (XRF), Thermogravimetric analysis (TGA), 
steady-state photoluminescence spectroscopy (PL), Time-Resolved 
Photoluminescence spectroscopy (TRPL); Electron Paramagnetic Reso
nance (EPR). The Ω2,4 Judd-Ofelt parameters were experimentally 
determined from the PL emission spectra. 

Further details can be found in “Electronic Supplementary Infor
mation” (SI). 

2.4. Photocatalytic activity evaluation 

The performance of the samples towards the photochemical oxida
tion of NOx pollutants was assessed in a laminar flow reactor containing 
a 50 × 50 mm quartz sample holder (500 mg sample). The reactor was 
placed inside a sealed irradiation box (Solarbox 3000e RH with Xe lamp 
and controlled irradiance). Samples were irradiated during the tests 
with a UV–Vis Xe lamp (irradiances of 25 and 580 W m− 2 for UV and 
visible light, respectively) or a visible light source (Light Emitting Diode 
of λ = 420 nm; 550 W m− 2). For each test, a gas mixture (NO and air) 
was constantly flowed (0.37 L min− 1; NO concentration = 150 ppb; 
mass flow controllers were used) into the reactor. The relative humidity 
was set to 50 ± 5 % by passing the air flow through a gas-washing bottle 
filled with demineralized water. The outlet gas was continuously 
measured by a chemiluminescence analyzer (Environment AC32M) to 
know the concentration of NO, NOx and NO2 gases. Before the irradia
tion period to start, adsorption − desorption equilibrium for the pho
tocatalyst was completed upon passing the air/NO flow into the reactor 
in the dark for 10 min. A photocatalytic test blank (no sample on the 
sample holder) was performed to discard NO photolysis. Tests were 
repeated three times and the mean gas concentration values were 
calculated from triplicate experiments. The obtained standard de
viations were ± 0.3 ppb for NO concentration and ± 1.0 ppb for NO2 
and NOx concentrations. The following removal efficiency (ENO, ENOx) 
and selectivity (S) indexes were used to know about the photocatalytic 
performance of the samples during the light illumination period: 

EZ = (Ci − Co) × 100/Ci (1)  

S = (ENOx/ENO) × 100 (2)  

where Ci and Co represent the measured inlet and outlet concentrations 
and z the measured gas (NO or NOx). 

3. Results and discussion 

3.1. Structural properties 

Synchrotron X-ray diffraction (SXRD) patterns were collected to 
thoroughly determine the crystalline phases present and the structural 
parameters for the synthesized samples, Fig. 1A. All samples display 
patterns corresponding to the typical Bragg reflections for LDH com
pounds (JCPDS: 0048–1023; 3R1 polytype) [34], no impurity phases 
such as ZnO or Eu2O3 were observed. The low intensity Bragg reflections 
located at 2θ ~ 17.9, 27.4 and 29.2◦ were related to the presence of 
LDHs with 3R2 polytype [35]. The Eu insertion into the LDH structure 
led to a slight decrease in the crystallinity when compared to the 
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undoped Zn2Al LDH. Possibly, the substitution of Al3+ (0.54 Å ionic 
radius) by the larger Eu3+ (0.95 Å) should produce distortions in the 
brucite-like sheets, limiting the growth of the LDH crystals [36]. The 
broadening of the reflections as the Eu amount increases can be quan
tified by use of the Scherrer equation, observing a general decrease in 
the crystalline domain length of the Eu-doped LDHs (Table 1). The basal 
spacing d003 for the LDHs was around 7.6 Å (Table 1), value associated 
to the presence of carbonate anion in the interlayer space. The lattice 
parameters of the LDHs were calculated from the SXRD [35]. A small but 
linear increase in the d003 spacing was observed with increasing Eu 
content, leading to higher c values (Fig. 1B and Table 1). This indicates 
that an increase in the thickness of the sheets may be caused by the 
successfully incorporation of Eu3+ into the LDH layers, as expected for 
lanthanide-containing LDHs [37]. Moreover, the a lattice parameter is 
equivalent to the mean metal–metal distance in the layers, which can be 
obtained from the position of the (110) Bragg reflection. In this regard, 
a slight displacement to lower 2θ degrees is also observed for this 
reflection (Fig. 1C), specially for the highest Eu doping level (Zn2AlEu- 
15), which corresponds to an increase in the a lattice parameter 
following substitution of Al3+ by Eu3+ in the hexagonal cell (Table 1). 

In the FT-IR spectra of the samples (Fig. 2A), the broad band located 
at ~ 3420 cm− 1 is due to the O–H stretching vibration coming from both 
the water molecules and the OH– from the metallic sheets; the shoulder 
at ~ 3044 cm− 1 is due to the carbonate-water bridging mode in the 
interlayer [38]. The bands observed in the range between ~ 1560–1650 
cm− 1 belong to the O–H bending vibration of the water molecules 
[38,39]. The band located at 1496 cm− 1, whose intensity increases with 
the Eu content, must be caused by the v3 symmetric stretching vibration 
of lanthanide–carbonate, pointing to an interaction between Eu3+ cat
ions on the hydroxide layers and the interlayer CO3

2– anions [40]. The 
sharp band ascribed to CO3

2– interlayer anion is positioned at ~ 1360 
cm− 1 (antisymmetric ν3 mode). The small band appearing at 1050 cm− 1, 
only in the Zn2AlEu-15 sample, corresponds to the deformation modes of 
the hydroxyl groups mainly influenced by the trivalent metals in the 
layers [41]. This suggests that the LDH with the highest Eu3+ content 
might experiment changes for the OH– locations in the LDH framework. 
The bands below ~ 1000 cm− 1 may be attributed to metal–oxygen and 
others carbonate vibration modes. Thus, in the 900–600 cm− 1 region 
(Fig. 2B), the low intensity shoulders at ~ 862 and ~ 688 cm− 1 are 
typical for vibrational modes (v4 and v2) of the interlayer carbonate 
anions in LDHs [38,42,43]. 

Barely appreciable bands located around 630 and 603 cm− 1 can be 
ascribed to hydroxyl translation modes influenced by the di/tri-valent 
cations. Interestingly, an evident red-shift for the band at 765 cm− 1 is 
observed as the Eu content increases in the LDH framework. This band 
arises from the translation modes of the OH– groups mainly influenced 
by the trivalent cations [42] and, thereby, a higher presence of Eu3+ in 
the lattice seemed to increase the length of the M3+–OH bonds. Addi
tionally, a displacement of the O–H stretching vibration (3600 – 3100 
cm-–1 range; Fig. 2C) towards higher wavenumber is observed with the 
increased Eu content, indicating that M− OH interactions are also 
affected by the Eu doping. These band shifts are probably due to the 
lower polarizing effect of Eu3+ compared to that of Al3+ [38]. 

In order to further investigate the M− O interactions, Raman spectra 
were measured for all samples in the low-frequency range (Fig. S1). Four 
bands appeared at around 1060, 552, 495 and 152 cm− 1 for all studied 
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Fig. 1. (A) SXRD patterns of the synthesized LDHs and enlargements for: (B) 
003 and (C) 110 Bragg reflections. 

Table 1 
Calculated basal spacings and lattice parameters for the synthesized LDHs.  

Sample d003 (Å) Lattice parameters (Å) Crystal domain length (Å) 

a c c-axis ab plane 

Zn2Al  7.59  3.07  22.77  250.2  728.8 
Zn2AlEu-2  7.60  3.07  22.80  182.1  473.0 
Zn2AlEu-10  7.62  3.07  22.87  209.1  435.9 
Zn2AlEu-15  7.62  3.08  22.87  192.0  370.1  
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samples. The first one is characteristic of the symmetric stretching vi
bration of the carbonate anion (ν1 mode) and keeps invariable in terms 
of wavenumber when the LDH is doped with Eu3+. However, the rest of 
the bands undergo a decrease in energy (2–4 cm− 1) when Al3+ is 
substituted by Eu3+ in the brucite-like layers. The band at the lowest 
frequency is assigned to the deformation vibrations of the O–M− O 
bonds, and the remaining two bands are due to the OH– units essentially 
linked to the Al3+ cation in the layers, also being influenced likely by the 
Zn2+ cation [44,45]. This supports the SXRD data that the average 
length of the M− O bonds in the LDH framework are modified by the Eu 
doping. Furthermore, this doping leads to the occurrence of other 
especially broad bands caused by the fluorescence of the lanthanide 
cation. In summary, from the SXRD, ATR-FT-IR and Raman data, it is 
evident that Zn2Al-LDH framework is able to accommodate Eu3+

cations. 
XPS spectra of the prepared LDHs are depicted in Fig. 3. As previ

ously reported, the Al 2p peak centered at ~ 74 eV should be assigned to 
the Al3+ octahedrally coordinated in the LDH lattice (Fig. 3a) [46,47]. 
The Zn 2p signals for Zn2+ were detected at ~ 1045 and ~ 1022 eV 
corresponding to Zn 2p3/2 and Zn 2p1/2 respectively; Fig. 3B) [46]. A 
broad signal is observed in the XPS O 1 s region (Fig. 3C), which can be 
deconvoluted in three peaks corresponding to M− O bond (529.6 eV), 
M− OH (531.2 eV) and CO3

2–/H2O (532.4 eV), Fig. S2. The slight shift 
towards higher binding energies with an increased Eu content in Al 2p, 
Zn 2p and O 1 s confirms that the LDH framework is affected by the Eu 
doping [48]. The XPS Eu 3d region (Fig. 3D) shows four peaks related to 
the Eu 3d5/2 and Eu 3d3/2 chemical states of Eu2+ (1124.8 eV, Eu 3d5/2) 
and Eu3+ (1134.6 eV, Eu 3d5/2) [49,50]. These signals reveal that the 
incorporation of the Eu into the LDH framework entails a partial 
reduction of the Eu3+ cation at the surface, coexisting Eu2+ and Eu3+ in 
the brucite-like layers, as previously reported for ZnAlEu LDHs and 
other europium compounds [48,51]. 

The thermogravimetric curves for the samples are depicted in 
Fig. S3, are all representative of LDH compounds [52,53]. From room 
temperature to ~ 150 ◦C, there is a weight loss associated to surface 
water, which is weakly adsorbed onto the LDH particles. Then, there is a 
second weight loss from 150 up to ~ 290 ◦C due to the removal of 
interlayer water molecules which are stronger bonded to the layers and 
carbonates by means of hydrogen bonding. From 290 up to ~ 700 ◦C the 
decomposition of the carbonates together with the dehydroxylation of 
the layers takes place, the LDH structure being destroyed. No significant 
changes were found in the profiles of the samples. Using these data 
together those from XRF measurements, the LDH composition was 
calculated assuming that carbonate anions balanced the positive charge 
of the metal hydroxide layers (Table 2). The amount of europium in LDH 
was found to be approximately 20% lower than that used in the pre
cursor solutions. This is usual in the preparation of lanthanide- 
containing LDHs, because the high ionic radius of the lanthanide cat
ions makes more difficult their complete insertion into the LDH layers 
[37]. 

3.2. Morphology and textural properties 

The SEM images of the samples are shown in Fig. S4. The undoped 
LDH crystals appear as platelets of hexagonal shape with rounded cor
ners (ca. 100 × 80 nm), a typical morphology for LDHs synthesized by 
the coprecipitation method without posterior hydrothermal ageing 
[12,54]. When Eu doping was performed, imperfections are observed in 
the hexagonal platelets, because the growth of the crystalline domains is 
restricted by the distortions induced for the incorporation of a large 
cation like Eu3+, as inferred from SXRD (Fig. 1). This feature was more 
observable for those LDHs having high Eu content (Zn2AlEu-10 and 
Zn2AlEu-15, Fig. S3C and S3D). In addition, EDX elemental mapping 
pointed to a uniform distribution of all elements forming the particles 
(Fig. S5). From the HRTEM images (Fig. S6), along with the variation in 
the shape, a thickening of the platelets is noticed at higher Eu content 

Fig. 2. (A) ATR-FT-IR spectra for the synthesized LDHs and enlargements for: 
(B) 900–600 –1 region and (C) 3700–3100 cm− 1 region. Asterisks (*) correspond 
to the diamond signals from the ATR equipment. 

A. Pastor et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 471 (2023) 144464

5

samples (from ~13 nm in Zn2Al to ~20 nm in Zn2AlEu-15), indicating 
that structural changes provoked by the Eu insertion promote the layer 
stacking. Furthermore, the high-angle annular dark-field (HAADF) 
image and the corresponding elemental mapping were done for the 
Zn2AlEu-15, verifying the homogenous element distribution and the 
successfully Eu doping (Fig. 3E). 

Results from nitrogen adsorption–desorption isotherms for the 
samples are depicted in Fig. S7. Considering the IUPAC classification, 
these LDHs displayed a type II isotherm (H3 type hysteresis loop) which 
corresponds to materials with aggregates of plate-like particle 
morphology with slit-shaped pores. Although the Eu3+ doping did not 
modify the isotherm type, the BET specific surface area of the LDHs 

Fig. 3. XPS spectra of (A) Al 2p, (B) Zn 2p, (C) O 1 s and (D) Eu 3d for the samples Zn2Al (1), Zn2AlEu-2 (2), Zn2AlEu-10 (3) and Zn2AlEu-15 (4). (E) HAADF image of 
the Zn2AlEu-15 sample and the corresponding EDX map (Zn: blue; Al: green; Eu: red). 

Table 2 
Compositional features for the synthesized LDHs.  

Sample Theoretical Zn:(Al + Eu) 
ratio 

Experimental Zn:(Al + Eu) 
ratio 

Theoretical Eu:(Al + Eu) 
ratio 

Experimental Eu:(Al + Eu) 
ratio 

Formula 

Zn2Al 2  2.06 0 0 [Zn0.75 Al0.36 (OH)2.23] (CO3)0.18 ⋅ 1.15 
H2O  

Zn2AlEu-2 2  2.02 0.02 0.0160 [Zn0.75 Al0.36 Eu0.01 (OH)2.24] (CO3)0.19 ⋅ 
1.20 H2O 

Zn2AlEu- 
10 

2  2.05 0.10 0.0788 [Zn0.75 Al0.34 Eu0.03 (OH)2.24] (CO3)0.18 ⋅ 
1.11 H2O 

Zn2AlEu- 
15 

2  2.08 0.15 0.1164 [Zn0.75 Al0.32 Eu0.04 (OH)2.22] (CO3)0.18 ⋅ 
1.09 H2O  
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underwent an increase with the Eu3+ doping, especially for the sample 
having the highest Eu content (Zn2AlEu-15; Table 3). As denoted by 
SXRD and SEM results, the doped samples are poorest crystallized 
having influence in the aggregation of the platelets particles and, 
therefore, in the active surface area. Similarly, an upward trend could be 
seen in the pore volume values of the LDHs with increasing the doping 
level, probably promoted by the lower particle aggregation in the doped 
samples. 

3.3. Optical and electronic properties 

The UV–Vis spectra of the prepared LDHs are shown in Fig. 4A. The 
undoped sample, Zn2Al LDH, exhibits a spectrum with an intense UV 
absorption tail, similar to that reported for carbonate-intercalated Zn2Al 
LDHs [55–57]. This absorption might probably arise from the charge 
transfer phenomena in the LDH structure [58,59]. After Eu3+ doping, 
two broad bands appeared around 237 and 352 nm, which were ascribed 
to the oxygen-to-europium(III) ligand-to-metal charge transfer (LMCT) 
[60,61]. Furthermore, low-intensity absorption peaks were identified at 
395, 465, 534 nm due to the 7F0 → 5L6, 7F0 → 5D2 and 7F0 → 5D1 tran
sitions from Eu3+ [62], respectively (Fig. 4A, inset), conferring to these 
photocatalysts a potential visible light activity. The band gap energy 
values of the samples were calculated by plotting the transformed 
Kubelka-Munk function versus the incident energy, Fig. S8. The band 
gap value of the undoped LDH was in agreement with that of Zn2Al LDHs 
[12,63], whereas a red-shift about 0.1–0.3 eV was observed for Zn2AlEu 
samples (Table 3). 

VB-XPS was utilized to calculate the Valence Band Maximum (VBM) 
of the prepared LDHs, Fig. S9. This information, along with the band gap 
values, served to stablish the complete energy band scheme of the LDHs 
(Fig. 4B and Table 3). As shown in Fig. 4B, the Eu doping had more 
influence on the Conduction Band Maximum (CBM), increasing this 
potential with the doping amount. Thus, the CBM of the Zn2AlEu-15 
sample increased 0.22 eV respect to that of the raw LDH. The CBM po
tential exhibited the necessary energy to produce superoxide radicals (E 
(O2/⋅O2

–) = –0.33 eV). Also, the formation of hydroxyl radicals should be 
thermodynamically feasible, as holes located in Valence Band Minimum 
(VBM) had higher reduction potential than that of the H2O/⋅OH redox 
couple ((E(H2O/⋅OH) = 2.34 eV) [64]. Additionally, UPS measurements 
allowed to locate the Fermi Level for the studied LDHs (Fig. S10A). The 
Fermi Level was closer to the corresponding Valence Band Maximum for 
all samples, indicating their p-type role (Fig. S10B), similarly to other 
Zn2Al LDHs [65,66]. Conversely, other ZnxAl LDHs have been reported 
to show a n-type semiconductivity [67–69]. These differences are 
associated to the different M(II)/M(III) ratio and interlayer anion, fac
tors that affect the electronic structure in LDH systems, as previously 
reported [66]. 

3.4. Photocatalytic De-NOx performance 

The photocatalytic efficiency of the samples was evaluated by 
considering their capacity to remove a continuous nitrogen oxide gas 
flow in a photocatalytic reactor under different illumination sources. 
Fig. 5A and 5B show the monitored NO concentration profiles obtained 
for the synthesized LDHs subjected to photocatalytic experiments under 
UV–Vis and visible light, respectively. All LDHs were photocatalytically 
functional, removing part of the NO pollutant when they were light 
irradiated. As our group reported in previous works [10,15,17,70], once 
the LDH photocatalyst is light irradiated, the electrons (e–) and holes 
(h+) reaching the photocatalystś surface are able to produce radical ROS 
species (⋅OH, ⋅O2

–) by interaction with the water and oxygen molecules 
from the environment. Consequently, the strong oxidant ROS species 
promote the following sequential oxidation of NO gas molecules: NO → 
NO2

– → NO2 → NO3
– [71], which in term are removed from the atmo

sphere as nitrite/nitrates species deposited onto the photocatalyst 
[71,72]. Interestingly, ENO was clearly enhanced for europium con
taining samples although a linear trend with the Eu doping level was not 
observed: Zn2Al (33.2 %) < Zn2AlEu-10 (49.8 %) < Zn2AlEu-2 (55.1 %) 
< Zn2AlEu-15 (58.6 %), Fig. 5C. The evolution observed for the ENO 
index does not seem to be influenced by the specific surface area values 
of the samples since these values are similar to each other and, therefore, 
the observed photocatalytic results might be related to differences in the 
electronic properties, as will be commented on later. When the De-NOx 
tests were performed under visible light irradiation, even though the NO 
removal efficiency of the samples was lower compared to that obtained 
under UV–Vis light, it was observed that the presence of Eu in the LDH 
framework was the key factor to boost the photocatalytic activity, 
Fig. 5B. By comparing both ENO values, those obtained under UV–Vis or 
visible light (Fig. 5C), it is concluded that Zn2AlEu-15 sample works 
mainly by visible light activation. In fact, its high NO removal efficiency 

Table 3 
Textural and electronic parameters of the synthesized LDHs.  

Sample Specific 
surface 
areaa / 
m2g− 1 

Pore 
volumeb / 

cm3g− 1 

Band 
gapc / 

eV 

Valence Band 
Maximumd vs 

NHE / eV 

Conduction 
Band 

Minimume vs 
NHE / eV 

Zn2Al 54  0.12  3.51  2.83 − 0.68  

Zn2AlEu- 
2 

55  0.13  3.39  2.74 − 0.65 

Zn2AlEu- 
10 

57  0.15  3.33  2.71 − 0.62 

Zn2AlEu- 
15 

74  0.20  3.22  2.76 − 0.46 

Calculations by a: BET equation; b: single pore volume at P/P0 = 0.99; c: 
Kubelka-Munk plots; d: VB-XPS; e: Valence Band Maximun – band gap value. 

Fig. 4. (A) UV–Vis absorption spectra and (B) schematic band diagrams for the 
synthesized LDHs (values in eV vs NHE). 
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value (ENO = 47 %) measured under visible light clearly surpasses to 
those previously reported for doped LDHs in De-NOx photocatalysis 
(Table S1), which highlights the role of Eu as doping element for LDH 
photocatalysts. Although the samples were able to remove the NO 
pollutant, it is mandatory to check the evolution of the NO2 gas, an in
termediate species which may be generated during the De-NOx process. 
This gas is much more hazardous than the NO gas and, therefore, its 
release to the atmosphere must be avoided considering an environ
mental application for these photocatalysts [73]. It was verified that the 
NO2 production was negligible for the studied LDHs, lower than 8 ppb 
(Fig. S11A, B), indicating an efficient photooxidation of the NO gas to
wards nitrates and nitrites species. Indeed, the Selectivity parameter was 
calculated, which refers to the capacity of the photocatalyst to 
completely oxidize the NO gas (Fig. S11C). As expected for LDH De-NOx 
photocatalysts [10–13], the Zn2Al and Zn2AlEu LDHs maintained 
outstanding selectivity values, S > 90 % (Fig. S11C). 

Moreover, consecutive De-NOx tests were performed over the 
Zn2AlEu-15 LDH to evaluate its NOx removal efficiency in a long-term 
pollution scenario (Fig. 5D). Zn2AlEu-15 kept a ENOx value around 50 
% during 3 long irradiation tests (total irradiated time = 18 h), which 
indicates an outstanding cyclability capacity compared to the recent 
reported De-NOx photocatalysts, considering the extended irradiation 
period [74–79]. An expected low decrease of the NOx removal activity 
was observed after the described tests. This is a consequence of the 
formation of the products coming from the sequential photochemical 
oxidation of NO gas molecules, which end up deposited as nitrates/ni
trites products on the surface of the photocatalyst, as confirmed by in- 
situ DRIFTS experiments, Fig. S12 [13,72]. However, the highly solu
ble nitrates/nitrites products are easily removed by a simple water 

washing of the sample (stirring 1 h with 80 mL water). This has been 
enough to recover the photocatalytic efficiency, the active sites of the 
photocatalyst being again available to perform a new De-NOx test. In 
fact a slight improved NO removal efficiency (+8%) was observed 
(Fig. 5D, 4th run), in line with similar observation for other reused LDH 
De-NOx photocatalysts [11]. Since the preservation of the LDH structure 
after the photocatalytic and washing processes was evidenced by XRD 
and ATR-FT-IR measurements (Fig. S13), the improved NOx removal 
efficiency of the washed sample should be associated to a better particle 
dispersion, which for LDHs is known to be affected by the water washing 
and drying steps [80]. 

3.5. Insights into the doping effect and the De-NOx mechanism 

Steady-state Photoluminescence (PL) measurements of the LDHs 
were carried out in order to shed some insights into the role of Eu. 
Fig. 6A depicts the PL emission spectra of the prepared LDHs. Broad 
bands below 500 nm were observed for all samples, which are assigned 
to the characteristic PL signals of the Zn2Al structure [11,81]. Also, new 
narrow bands were noticeable above 500 nm when the Eu cation was 
introduced into the LDH structure, these signals being typically attrib
uted to the Eu3+ f-f transitions. In this regard, noteworthy information 
about the Eu3+ environment can be obtained by studying the relative 
intensities of theses transitions in the PL emission spectra. According to 
the Judd − Ofelt theory, whereas the 5D0 → 7F1 transition (magnetic- 
dipole transition) is not sensitive to the Eu chemical environment, the 
intensity of the 5D0 → 7F2 electric dipole transition is highly dependent 
on the local geometry of the Eu3+. For a perfectly centrosymmetric 
environment, very low radiative transition rates should be expected for 

Fig. 5. NO gas concentration profiles during the photocatalytic tests under (A) UV–Vis light and (B) visible light illumination. (C) NO removal efficiency of the 
studied photocatalysts. (D) Successive long irradiation De-NOx tests for Zn2AlEu-15 LDH under UV–Vis light illumination. 

A. Pastor et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 471 (2023) 144464

8

the 5D0 → 7F2 emissions [82,83]. However, this emission is the most 
intense for the Zn2AlEu LDHs (Fig. 6A), which clearly rules out the 
characteristic octahedral symmetry for the metal sites in LDHs. This 
result agrees with others studies on Eu-containing LDHs and demon
strate that the high ionic radius of Eu3+ induces changes in the coordi
nation environment and, therefore, leads to a disordered lattice and/or 
structural defects a [33,82–84]. Regarding the Eu2+ cation, the most 
intense emission transitions (5D → 4F) could not be investigated as they 
appear around 390 nm, being hidden by the PL emission of the LDH 
matrix [85]. 

Additional information about the local symmetry around the Eu3+

centers in the LDH structure can be obtained from the Judd-Ofelt in
tensity parameters (Ω2,4; Table 4). Whereas the Ω2 informs about 
angular changes in the coordination of the lanthanide cation, the Ω4 is 
influenced by the polarizability of the first shell of the atoms bonded to 

the Eu3+ [86]. Looking at Table 4, it is noted that the Ω2 and Ω4 pa
rameters for Zn2AlEu-2 are the highest among the studied samples, 
indicating that the Eu3+ center has a somewhat different coordination 
on this sample. This would explain the relatively high NOx removal ef
ficiency observed for this sample unlike its low doping level, as de
viations from the typical octahedral coordination in LDHs should create 
strains/defects that influence the photocharges movement [3,4]. As an 
additional data, the expectable Eu3+ absorptions bands were detected 
when measuring the excitation spectra of the doped samples (Fig. S14) 
[87,88]. 

On the other hand, the intensity of the PL emission signal related to 
the Zn2Al LDH showed a significant decrease when the Eu doping was 
carried out (Fig. 6A). Additional information was obtained by measuring 
the TRPL decays (Fig. 6B). The curves were fitted to a bi-exponential 
function, the lifetimes being showed in Table 4. Both τ1 and τ 2 decays 
followed the same trend: Zn2AlEu-15 < Zn2AlEu-10 < Zn2AlEu-2 <
Zn2Al, which indicates an increasing quenching of the PL of the Zn2Al 
LDH at higher concentrations of the Eu3+ cations. The PL quenching was 
confirmed by measuring the absolute PL quantum yield (PLQY), where 
an almost 6-fold decrease of the PLQY was detected when comparing the 
raw undoped Zn2Al LDH with the sample containing the highest amount 
of Eu (Table 4). The observed PL quenching is associated to a novel 
deactivation pathway of the excited state of the LDH compound. The 
effect of Eu doping on the energetic scheme of ZnAl-LDH compounds has 
been recently reported, showing the formation of electronic energy 
levels associated with the 4f orbitals within the bandgap of the LDH 
matrix [48]. This energetic configuration was proved to be consistent 
with an enhanced energy transfer rate of excited electrons from the LDH 
CBM to the Eu3+ 4f energy levels. Thus, the PL quenching observed in 
the measurements is then ascribed to the mentioned energy transfer 
process which may be beneficial for the photocatalytic process [48]. 
Indeed, the longer lifetime of the electrons in the Eu-related energy 
states would facilitate the formation of larger amount of ROS species (by 
interaction with the oxygen and water molecules) in the Eu doped 
samples contributing to an enhancement of the De-NOx photoactivity. 

In this sense, to explore the ability of the samples to produce ROS 
radicals, EPR spin-trapping experiments were performed under light 
irradiation. As shown in Fig. 7, the typical signals corresponding to 
trapped hydroxyl radical (DMPO–⋅OH adduct; 1:2:2:1 peak intensity 
ratio; Fig. 7A) and superoxide radical (DMPO–⋅O2

–; 1:1:1:1 peak intensity 
ratio; Fig. 7B) were observed [89]. By comparison, the signals corre
sponding to hydroxyl radical are well defined and more intense to those 
of superoxide radical, suggesting that ⋅OH radicals are dominant in the 
photocatalytic process. In addition, the DMPO–⋅OH adduct signal for 
Zn2AlEu-15 showed a higher intensity compared to the undoped LDH. 
The higher availability of ⋅OH radicals should be in line with a decrease 
of the e–/h+ recombination, as predicted from PL studies (Fig. 6a) and 
agrees with the obtained photocatalytic De-NOx tests, highlighting the 
enhancement of the hydroxyl radicals generation by the doped samples. 

4. Conclusions 

Zn2Al-CO3 LDHs with increasing levels of doping Eu3+ (Zn2AlEux; x 
= 0.01–0.04) have been prepared and studied as photocatalysts for 
oxidation of NOx gases. The analytical data indicate that all LDHs were 
phase pure. The Eu3+ cation, is larger than Al3+ and so when introduced 
into the LDH lattice, causes modifications to M− O interactions. More
over, the Eu3+ doping induces an enhancement in the light absorption of 
the LDHs and their band gap values were decreased by ~ 0.3 eV. The 
Zn2AlEux LDHs exhibited outstanding selectivity and higher NOx 
removal efficiencies under UV–Vis and specially under visible light (420 
nm). The optimal doped LDH (Zn2AlEu-15) yielded a 5-fold increase of 
the photocatalytic efficiency when compared to the original Zn2Al LDH. 
This enhanced photocatalytic improvement was ascribed to promoted 
charge separation (probably from the LDH to the f levels of Eu3+) and to 
a higher production of ⋅OH radicals by the doped LDHs. As a result, we 

Fig. 6. (A) Steady-state PL and (B) Time-resolved PL spectra for the stud
ied LDHs. 

Table 4 
Judd-Ofelt intensity parameters for the transitions 5D0 → 7F2 and 5D0 → 7F4 
(Ω2,4) and photoluminescence parameters obtained for the synthesized LDHs.   

Ω2 / 10-20 

cm2 
Ω4 / 10-20 

cm2 
τ1 / 
ns 

τ2 / 
ns 

Quantum yield / 
% 

Zn2Al  –  –  1.39  4.62  12.0 
Zn2AlEu-2  12.0  3.0  0.95  4.72  8.9 
Zn2AlEu- 

10  
7.9  2.2  0.78  4.41  4.7 

Zn2AlEu- 
15  

8.1  2.4  0.66  3.54  2.2  

A. Pastor et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 471 (2023) 144464

9

consider Eu-doped LDHs to be promising candidates for the NOx 
photooxidation and also for other related photocatalytic applications. 
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