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A B S T R A C T

The ZnAl-CO3, ZnAlCr-CO3 and ZnCr-CO3 LDH samples were studied as De-NOx photocatalysts in this work. Sam-
ples without Cr and increasing the presence of Cr3+ in the LDH framework in the 0.06, 0.15 and 0.3 Cr/Zn ratio
were prepared by co-precipitation method, all of them constituted by pure LDH phase. The increase of chromium
content in the LDH framework leads to lower crystallinity and higher specific surface area in the samples. More-
over, the CrO6 octahedron centres expand the photo-activity from UV to Visible light and assist to decrease the
recombination rate of the electrons and holes. The favourable textural, optical and electronic properties of Cr-con-
taining LDH samples explain the good NO removal efficiency (55%) and outstanding selectivity (90%) found for
the analysed De-NOx process.

© 2019

1. Introduction

NOx gases (NO and NO2) are classified as one of the priority air pol-
lutants and they are mainly formed from fossil fuel combustion in auto-
motive and power plants. NOx react with many species and form vari-
ous toxic products such as nitrate radical, nitrosamines, nitroarenes, etc.,
which provokes serious negative effects on human health and environ-
ment. Human exposure of NOx leads to respiratory and lung problems
and even deaths (E.C. Agency, ANNEX 2, Comments and response
to comments on CLH proposal on titanium dioxide, 2017; Lee et
al., 2014; Sax and Lewis, 2012; Peel et al., 2013). These gases dam-
age the environment because they are involved in phenomena such as
acid rain, photochemical smog, and ozone depletion (Boningari and
Smirniotis, 2016). However, in urban areas the recommended limit of
NOx is often surpassed (Frampton and Greaves, 2009; Williams and
Carslaw, 2011; Yamada et al., 2016) and that is the reason of an in-
creasing scientific interest for control and elimination of these air pollu-
tants.

Photocatalysis in the presence of sunlight, atmospheric oxygen and
water is one of the most promising technologies for the NOX abate
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ment (DeNOx process), titanium dioxide being the most studied and ap-
plied photocatalyst because of its chemical stability and good UV light
response (Balbuena et al., 2018a, 2018b; Ma et al., 2014). How-
ever, there is some inconvenience for the use of TiO2 as semiconduc-
tor for this proposal, such as its wide band gap of 3.2 eV which lim-
its its application only to the ultraviolet region of solar irradiation, the
low DeNOx selectivity causing the emissions in the atmosphere of the
more toxic NO2 molecules (Balbuena et al., 2018b; Balbuena et al.,
2018a), and its potential toxicity when inhaled. Hence, the develop-
ment of new alternatives to TiO2 for the DeNOx process is an important
scientific topic nowadays.

Layered double hydroxides (LDH) are a class of lamellar solids with
the structure similar to those of brucite, where a part of divalent met-
als is replaced by trivalent ones. This gives rise to an excess of posi-
tive charge in the hydroxide sheets which is balanced by intercalating
of anions in the interlayer spaces. These compounds of at least two dif-
ferent metal cations, octahedrally-coordinated by hydroxyl groups, have
the general formula [M2+1−xM3+x(OH)2]x+Xm−x/m·nH2O, where M2+

includes divalent cations like Mg2+, Co2+, Ni2+, Cu2+, Zn2+ etc., M3+

may be Al3+, Fe3+, Cr3+ etc., and X might be a huge number of in-
organic or organic anions. The atomic ratio between the divalent and
trivalent metal which determines the charge density of LDH sheets could
vary in a range between 0.20 and 0.33, which could influence on the
size-charge fitting of the interlayer anion species (He et al., 2013).

https://doi.org/10.1016/j.scitotenv.2019.136009
0048-9697/© 2019.
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Their unique properties, wide range of composition variety, ease of
preparation and low cost, make these materials suitable for many appli-
cations such as catalysts, catalyst supports and precursors (Cavani et
al., 1991; Fan et al., 2014), adsorbents (Abdellaoui et al., 2017;
Pavlovic et al., 2013), fire retardants (Matusinovic and Wilkie,
2012) drug and herbicide storage and release matrixes (Chaara et al.,
2011; Mishra et al., 2018; Rives et al., 2014), electrochemistry
(González et al., 2016) biotechnology, (Wang et al., 2014) among
many others.

Although LDHs have been widely studied and used as heterogeneous
catalysts, but only in recent years, LDHs containing transition metals
attracted research interest as photocatalysts (Mohapatra and Parida,
2016; Shao et al., 2011). Many of LDH properties such as uniform dis-
tribution of metal cations in the layers, oxo-bridged linkage, high chem-
ical and thermic stability make these materials promissing photocata-
lysts.

In the field of NOx removal, the use of LDHs has been limited to
their use as catalysts for the NO selective reduction or the physical ad-
sorption of NO/NO2 gas molecules, their use as photocatalysts being al-
most un-explored. In this sense, we have recently reported on the ex-
cellent De-NOx photocatalytic performance and selectivity of ZnAl-CO3
UV-light-response (Rodriguez-Rivas et al., 2018). However, when
considering applications for the environmental remediation of urban at-
mosphere, the visible light activation of a DeNOx photocatalyst is of im-
portance because the availability of UV light is sometimes limited by
urban architecture and geographical/weather conditions (Balbuena et
al., 2015). The aim of the present work has been to extend its visible
light response by introducing Cr as a LDH dopant, since it has been re-
ported that Cr containing LDHs could be efficient photocatalysts, as the
case of decomposition of organic water pollutants (Zhao et al., 2016).
Also, Silva et al. (2009) studied a visible active Zn Cr LDH photocat-
alysts for oxygen generation from water and observed that a Cr-doped
LDH was more active than others. On the other hand, Parida and Mo-
hapatra (Nejati et al., 2018; Parida et al., 2012) reported that the
presence of carbonate as the interlayer LDH anion also has a key role in
the photocatalytic activity of Zn/Cr–CO3 for H2 evolution. These authors
state that carbonate is oxidised by positive holes to form carbonate rad-
icals, which reduces the electron/hole recombination.

Concerning the field of DeNOx photochemical processing, here we
study the influence of presence and gradual increase of Cr amount in
ZnAl-CO3 LDH as photocatalyst for air remediation. The changes ob-
served in their structural, morphological and optical properties are ob-
served and commented with relation to the enhanced photocatalytic
abatement of NOx gases. Moreover, the photochemical oxidation mech-
anism is explained in the light to the results obtained by using EPR and
PL techniques.

2. Materials and methods

The chemicals used in this work were of analytical grade and dem-
ineralized water was used in the Experimental section. The
Zn(NO3)2·6H2O, Al(NO3)·9H2O and Fe(NO3)·9H2O salts (purchased from
Panreac AppliChem) and 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) so-
lution (acquired from Sigma Aldrich) were used without further treat-
ment.

2.1. Synthesis of LDHs

ZnAlCr and ZnCr LDHs samples were prepared, by using the co-pre-
cipitation, with different Cr/Al and Cr/Zn ratios. 100 mL of 0.2 M so-
lution of Zn(NO3)2·6H2O, Al(NO3)3·9H2O and Cr(NO3)3·9H2O (Zn/Cr
and Zn/(Cr + Al) = 3; where Cr/Al = 0, 0.25, 1) was added drop-wise
into 100 mL of 0.1 M Na2CO3 solution under stirring at room tem-
perature. The constant pH = 10 was kept by dropping a 2.0 M NaOH
solution during the coprecipitation reaction. The slurry obtained was

then stirred during 1 h, cured during 24 h, centrifuged, washed with dis-
tilled water, and dried in an oven at 60 °C. The LDHs prepared were la-
beled as ZACx.xx, the letter (when it appeared) denoting the initial of
the metallic element name, the number denoting the used Cr/Zn ratio.

2.2. Characterization of the photocatalysts

The phase structure of the powder samples was recorded by X-ray
diffraction (XRD; Bruker D8 Discovery; λ = 1.5405 Å; step size = 0.02°
(2θ); step counting = 0.65 s). Infrared spectra (IR) analysis from 450 to
4000 cm−1 was carried out on transmission mode in a FT-MIR Bruker
Tensor 27 with a resolution of 1 cm−1. The morphology of the photo-
catalysts was researched by scanning electron microscopy (SEM) in a
Jeol JSM 7800F instrument. The elemental chemical analyses were per-
formed by induced coupled plasma mass spectroscopy (ICP-MS; Perkin
Elmer Nexion X). The thermogravimetric analysis (TGA) was performed
on a Mettler Toledo equipment in oxygen atmosphere (flow:
100 mL min−1; heating rate: 10 °C min−1).

The pore microstructure and textural properties were studied by N2
adsorption–desorption isotherms recorded at 77.4 k on a Micromerit-
ics ASAP 2020 apparatus. The Specific surface area of each sample was
calculated by applying the Brunauer-Emmet-Teller (BET) measurement
in the N2 adsorption isotherms. Before the measurements, the samples
were degassed under vacuum (100 °C for 1 h).

Diffuse reflectance (DR) UV–Vis spectra (rate of 30 nm min−1; step
of 0.5 nm) were collected at room temperature with a Varian Cary
1E instrument. The steady-state photoluminescence (PL) emission spec-
tra were collected on a FLS920 Fluorimeter (Edinburgh Instrument
Ltd., Livingston, UK). Electron paramagnetic resonance (EPR) spectra,
recorded at room temperature in an EMXmicro (Bruker) spectrometer,
were conducted three times to quantitatively detect the concentration
of OH or O2– by using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as
spin-trap agent. Thus, the LDH sample was dispersed in a solution (wa-
ter or methanol for detecting OH or O2−, respectively) with 45 mM
DMPO and irradiated during 30 min with a Xe lamp (artificial sunlight).

2.3. Photocatalytic activity evaluation

The photochemical performance of LDHs to abate the NO gas con-
centration in air was assessed in a laminar flow reactor. The reactor was
illuminated using a solar light irradiation box (Solarbox 3000e RH; Xe
lamp). The reactor containing the LDHs photocatalyst, 500 mg of sam-
ple powder supported in a 5 × 5 cm sample holder, was irradiated with
artificial sunlight (irradiances of 25 and 580 Wm−2 for UV and visible
light). 150 ppb NO polluted air atmosphere was simulated when syn-
thetic air and pure NO were mixed together and sent to the reactor (flow
rate gas = 0.30 L min−1). This concentration was selected in order to
simulate the high levels of NO concentration, reached in highly popu-
lated cities (Kim et al., 2008). A relative humidity of 50 ± 5% was
maintained during the experiment. The analysis of nitrogen oxides gases
concentration was continuously recorded by a chemiluminescence ana-
lyzer (Environment AC3 2 M instrument). For each test, the air/NO gas
mixture was passed over the sample in the dark for 30 min (before and
after the light irradiation period) to discard the existence of NOX adsorp-
tion. NO photolysis was no observed in light irradiation tests carried out
in the absence of the sample. Each DeNOx photocatalytic test was done
three times in order to calculate the average concentration values. The
photocatalytic NO and NOx removal efficiency and the corresponding
selectivity were calculated following the equations:

(1)
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(2)

(3)

where [--]in represent the measured inlet concentration, [--]out the mea-
sured outlet concentration, and [NOX] the sum of [NO] and [NO2] con-
centrations.

3. Results and discussion

3.1. Photocatalyst characterization

Fig. 1 shows the XRD patterns corresponding to the ZnAl-LDH,
ZnAlCr-LDH and ZnCr-LDH samples. The non-substituted ZnAl-LDH ex-
hibits diffraction peaks at 11.8°, 23.5°, 34.6°, 39.1°, 46.6°, 60.0°, and
61.4° are assigned to (003), (006), (012), (015), (018), (110) and (113)
crystal planes of a layered double hydroxide framework, respectively
(Rodriguez-Rivas et al., 2018). The spacing estimated for the d003
basal plane, around = 7,61 Å, is indicative of the presence of a carbon-
ate anion in the interlayer of LDH (Crespo et al., 1997). No changes
at the 2θ position of the main diffraction peaks are observed with the
gradual substitution of Al3+ by Cr3+, confirming that LDH structure was
preserved. However, the increased presence of Cr3+ in the LDH frame-
work provokes a dramatic decrease in the crystallinity of the samples, as
inferred from Fig. 1, with smaller and broader diffraction peaks being
observed.

The Fourier Transform Infrared (FT-IR) spectra of the four LDHs are
shown in Fig. 2. The data obtained confirm the characteristic signal

Fig. 1. XRD patterns for the ZnAl-LDH, ZnAlCr-LDH and ZnCr-LDH samples.

Fig. 2. IR spectra obtained for the ZnAl-LDH, ZnAlCr-LDH and ZnCr-LDH samples.

of a pure LDH phase in all samples (Baliarsingh et al., 2014). The
band centered at 3430 cm−1, a broad and strong absorption, indicates
the presence of O−H bonds. The weaker band observed at 1639 cm−1 is
representative of the bending mode of water molecules in the interlayer
space. The split asymmetric stretching modes of an interlayer carbon-
ate ion appear at 1357 (the strongest band) and 1475 cm−1. Finally, at
lower frequencies, the bands observed at around 741 and 520 cm−1 are
attributed to the lattice vibration mode in the brucite-like layers of the
M−OH and the M−O bonds, respectively. The band at 520 cm−1 could
be assigned to Cr O stretching vibration, its intensity increasing with
the amount of chromium content (Gutmann and Müller, 1996). More-
over, this band moves with the change in LDH chemical composition,
i.e. it shifts towards lower frequencies which could be associated with
a distortion of the hydroxide sheets occurs when Al3+ is substituted by
Cr3+ (García-García et al., 2007).

The chemical formula for each LDH compound was proposed based
on the data obtained from the chemical analysis and TG analysis, Table
1. For all the samples, the Zn/M3+ atomic ratio is practically maintained
(around 3.25) independently of the type and amount of each trivalent
ion. The positive valence of metallic ions is compensated by hydroxyl
and carbonate anions, the latter in the necessary amount to counteract
the excess of positive charge caused by the presence of M3+ ions in the
layers. On the other hand the first weight loss in the thermogravimetric
curve was associated with the amount of water molecules, Fig. S1 (Sup-
plementary information).

The morphology of the obtained samples was examined by SEM mi-
croscopy, Fig. 3. The ZnAl-LDH sample, ZA, is constituted by well-de-
fined hexagonal sheet-like crystals. This morphology reflects the lay-
ered structure observed in the XRD patterns. However, the crystalliza-
tion becomes poorer with the presence and increase of Cr3+ ion in
the chemical formulae. Thus, it is observed how the presence of the

Table 1
Chemical and physical characteristics for the prepared LDH samples.

Sample % Wt Atomic ratio Proposed formula SBET

Zn Al Cr Zn/M 3+ Cr/Al Cr/Zn (m 2 g − 1)

ZA 44.90 5.8 – 3.19 – – [Zn0.76Al0.24(OH)2](CO3)0.12·0.75 H2O 76
ZAC0.06 44.21 4.64 2.24 3.14 0.25 0.06 [Zn0.76Al0.19Cr0.05(OH)2](CO3)0.12·0.75 H2O 87
ZAC0.15 42.57 2.73 5.33 3.34 1.00 0.15 [Zn0.77Al0.115Cr0.115(OH)2](CO3)0.115·0.79 H2O 108
ZC0.3 41.42 – 9.97 3.30 – 0.30 [Zn0.77Cr0.23(OH)2](CO3)0.115·0.98 H2O 112
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Fig. 3. SEM images for the ZnAl-LDH, ZnAlCr-LDH and ZnCr-LDH samples.

pseudo hexagonal sheets becomes minor in the sample ZAC0.06, scarce
in the sample ZAC0.15 and is absent in the sample ZC0.3 which is
constituted by aggregates of nanometric unshaped nanoparticles. The
lower crystallinity observed in Cr3+ containing samples, which is also
reflected in the corresponding XRD patterns (Fig. 1), could be due to
the more acidic character of Cr salt containing solutions, compared to
those of Al containing ones, which could decrease the homogeneity of
the suspension being determinant in the textural characteristics of the
samples.

In order to know about the potential reactivity as photocatalysts of
the LDHs here studied, additional characterization concerning the sur-
face area and the light activation was performed. The N2 adsorption-des-
orption isotherm of the samples, Fig. 4, was used to determine the spe-
cific surface area and porous structure. Following the IUPAC classifi-
cation (Sing et al., 1985) and in similarity with previous studies on
LDHs (Carriazo et al., 2011; Extremera et al., 2012; Rodriguez-Ri-
vas et al., 2018) a type II isotherm shape was obtained for ZA sample
with a contribution of type IV. This shape is characteristic of the ad-
sorption on macro-porous and non-porous materials. The type H3 hys-
teresis loop corresponds to the presence of mesopores, as inferred from
the pore size distribution (Fig. S2). In agreement with the observed
change originated in the morphology, the increase in chromium content
alters the porous structure. The H3 loop, appearing in plate-like par-
ticles aggregates giving rise to slit-like pores, gradually changes to H4
type, which corresponds to narrow slit-like pores (Sing et al., 1985).
Moreover, an increase in the amount of mesopores <20 nm in size is
observed. Therefore, the change in porosity is in accordance with the
change accounted in the morphology of the LDHs crystals. Table 1
shows the specific surface areas measured by BET method. The BET
values increased for Cr substituted samples in agreement with their
lower crystallinity as was confirmed by XRD (Fig. 1) and SEM char-
acterization (Fig. 3). The ZC0.3 sample exhibited an expanded spe-
cific surface area of 112 m2 g−1, around 50% superior to that of the
non-substituted ZA sample, and highly superior to those previously re

ported for ZnCr-LDH (Baliarsingh et al., 2013; Koilraj and Kannan,
2013; Paušová et al., 2015).

The light absorption properties of the ZnAl, ZnAlCr and ZnCr LDHs
were studied by DR UV–Vis spectroscopy, Fig. 5. The absorption spec-
trum obtained for the ZA sample is that expected for Zn Al LHDs
(Ahmed et al., 2012), with a main intense absorption peak at
λ < 250 nm and a smaller one at 300 nm, both in the UV light range.
The incorporation of Cr3+ ions to the LDH framework results in the ap-
parition of two strong absorption peaks located at 409 and 567 nm, with
intensity increasing with the Cr3+ content. These peaks correspond to
d-d transition of trivalent chromium ions octahedrally coordinated in
the LDH structure (Gunjakar et al., 2011; Zhao et al., 2011). The
broad and intense absorption bands in the 350–800 nm range suggest
their potential utilization as visible light active photocatalysts.

3.2. Photocatalytic De-NOx behaviour and mechanism

The photocatalytic ability of the ZnAl, ZnAlCr and ZnCr LDHs to re-
move NO gas was studied as follows. Fig. 6a shows a representative
plot of the nitrogen oxides concentration changes measured during the
photocatalytic test. Before light irradiation no physico-chemical interac-
tion of NO gas with the photocatalyst was observed, as inferred from the
constant value of gas concentration measured during the first 30 min.
Once the sunlight lamp was turned on, the NO concentration decreased
suddenly and the NO removal rapidly increased on time. As previously
reported (Rodriguez-Rivas et al., 2018), and discussed here below,
once the LDH particles are light activated, e− and h+ charges are pro-
duced which initiate the reactions leading to the progressive oxidation
of NO gas. After the first 20 min of light irradiation the photo-oxida-
tion activity became stable, as the NO concentration reached a constant
value. The nitrogen oxide levels quickly returned to the original inlet
concentration when illumination was shut down.
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Fig. 4. N2 adsorption-desorption isotherms for the ZnAl-LDH, ZnAlCr-LDH and ZnCr-LDH samples.

Fig. 5. The UV–Vis absorption spectra for the ZnAl-LDH, ZnAlCr-LDH and ZnCr-LDH sam-
ples.

Fig. 6b shows the differences found for the NO abatement when ZnAl,
ZnAlCr and ZnCr photocatalysts are used. As the content of chromium
increased in the LDH sample, better NO removal efficiencies were ob-
tained. Thus, a value of 55% was measured for the ZC0.3 sample in
comparison to that of 44% for the ZA sample. In Fig. 6c, it can be
observed that a similar amount of nitrogen dioxide molecules were re-
leased during the experiment, around 7–9 ppb, regardless of the pho-
tocatalyst used. The NO2 gas appears as an intermediate during the
NO photochemical oxidation (Balbuena et al., 2015) which must be
avoided because it is much more dangerous than NO (Lewis and Sax,
2012). Taking into account the above values, the selectivity of the
De-NOx process (S) is estimated at around 90% for all the photocata

lysts here studied, an outstanding value in line with those reported
for the last advanced De-NOx photocatalysts recently reported (Balci
Leinen et al., 2019; Folli et al., 2011; Pastor et al., 2019; Shang
et al., 2019; Tan et al., 2017).

The enhanced photochemical De-NOx behaviour must be related
with the changes induced by the presence of Cr3+ ions in the LDH
framework. Thus, the increased surface area exhibited in samples con-
taining Cr3+ allowed an easier accessibility of gas molecules to the
photo-active centres, which should result in a more efficient photochem-
ical process. On the other hand, thanks to the presence of Cr3+ ions, the
Vis light activation was highly relevant to the measured photochemical
De-NOx activity. In Fig. 6d, the NO abatement measured for the sam-
ples only under visible light (λ > 410 nm) is shown. The response ob-
tained for the ZA sample is almost negligible and responds to the small
tail between 400 and 450 nm observed in the corresponding UV–Vis ab-
sorbance spectra (Fig. 5). However, the removal of NO increased with
the content of chromium. This is indicative that, under visible light, the
chromium centres are those responsible for the light absorption and the
photochemical oxidation process. The low NO abatement index found,
between 10 and 15% after 60 min of light irradiation, is in concordance
with the lower presence of Cr (3 to 13 times) than that of Zn in the LDH
formulae.

For practical considerations the sample ZC0.3, which exhibited the
best photochemical NO abatement, was studied in long term irradiation
and reusability experiments. Fig. 6e shows the nitrogen oxide concen-
tration changes measured during the photocatalytic test when the irra-
diation time is extended for 6 h. This period of time is similar to that
in which the daytime mean values of NO concentration in a highly pop-
ulated city reach their maximum level (Kim et al., 2008). It can be
observed that NO abatement is higher in the first 60 min and slowly de-
creases with time to reach a 47% removal efficiency at the end of the
experiment. Interestingly, only 8 ppb of NO2 concentration was mea-
sured during the whole test, confirming the outstanding high selectiv
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Fig. 6. (a) NOx gas concentration evolution during the photo-degradation of gaseous NO under UV–Vis light irradiation on the ZnAl-LDH sample. (b) Photo-oxidative removal of NO and
(c) NO2 gas concentration measured under UV–Vis light irradiation on ZnAl-LDH, ZnAlCr-LDH and ZnCr-LDH catalysts. (d) Photo-oxidative removal of NO under Visible light irradiation.
(e) NOx gas concentration evolution during the photo-degradation of gaseous NO under 6 h of UV–Vis light irradiation on the ZC0.3 sample. (f) NO removal efficiency calculated for each
run of the reusability tests for the ZC0.3 sample.

ity inherent on these LDH photocatalysts (Rodriguez-Rivas et al.,
2018). The declined NO removal efficiency on time is related to the
fact that nitrate species, the final product of NO oxidation, are being
deposited on the surface of the catalyst hidden the photo-active cen-
tres to the reactant gas molecules. In fact, this decrease in efficiency be-
comes higher when the photocatalytic test is performed several succes-
sive times on the same sample. Thus, the Fig. 6f shows the percentage
of NO removal obtained in consecutive trial performed with the sample
ZC0.3, the photocatalyst being irradiated for 6 h in each essay. Due to
the nitrate accumulation on the photocatalyst surface, the efficiency de-
creases in each run. The sample was washed with milli-Q water after the
fourth run, to eliminate the existence of nitrates from the particles sur-
face. In the following experiments, runs number 5 and 6, the initial pho-
tocatalytic performance is recovered. These tests guarantee the reusabil-
ity of the ZnCr0.3 photocatalyst after long term experiences, exhibiting
an average NO abatement index of around 40%.

The above commented results are better understood once the cor-
responding photochemical mechanism is taken into consideration. The
proposed mechanism for the photochemical oxidation of NO molecules,
involving several steps and different intermediate species (Balbuena et
al., 2015; Devahasdin et al., 2003), is similar to that found for sev-
eral De-NOx photocatalysts such as TiO2, Fe2O3, ZnO, CN among others
(Balbuena et al., 2015; Sugrañez et al., 2015; Wang et al., 2019;
Wei et al., 2013), summarized here as follows:

(4)

(5)

(6)

(7)

(8)

(9)

(10)

The PCO process initiates when the LDH particles absorb light. Once
the photocatalyst receives the photon energy (Eq. (4)), the electron
transfer from the valence to the conduction band is initiated (Chen
et al., 2019). Thus, e− and h+ reach the surface of the semiconduc-
tor particles (Xia et al., 2013; Xu et al., 2015) producing reactive
oxygen species (ROS) from the adsorbed water and oxygen molecules
(Eqs. (5)–(7)), which initiate the progressive oxidation of nitrogen ox-
ide gases (Eqs. (8)–(10)).

In regard to the products obtained during the PCO process performed
with the ZnCr-LDH photocatalyst, the presence of NO2 was clearly de-
tected by the chemiluminescence analyzer, as shown in Fig. 6a, c and e.
In order to identify the presence of nitrate species the FT-IR technique
was used. Fig. S3 shows the three IR spectra obtained: the first one cor-
responding to the ZC0.3 sample, the second one after the photocatalytic
De-NOx test (performed for 6 h of light irradiation) and finally that ob-
tained once the sample collected after the photocatalytic test had been
subjected to a washing procedure. The first observation concerns the
main bands registered which were similar in the three patterns, indicat-
ing that the chemical structure was preserved after photocatalysis or the
washing procedure. A detailed observation of the main band at frequen-
cies higher than 1300 cm−1, Fig. 7, shows the appearance of a narrow
peak at 1383 cm−1 in the pattern recorded on the sample after the pho-
tocatalytic test. This band, absent in the pristine sample, corresponds to
the N O stretching vibrations of NO3− (Ai et al., 2010; Pastor et
al., 2019), confirming that the full photocatalytic oxidation of NO had
taken. Therefore, it seems reasonable that the accumulation of nitrate
on the photocatalyst surface was the reason for the decay in the NO re-
moval efficiency on time and in repetitive runs. In fact, the absence of
this band in the pattern for the sample washed after the De-NOx exper-
iment (Fig. 7), indicates that the nitrate specie was easily eliminated,
and without its presence the photocatalytic efficiency is recovered, as
indicated in Fig. 6f.

Additionally, the generation of OH and O2– radicals from the LDH
photocatalysts was assessed by EPR measurements using DMPO as the
spin-trapping agent under sunlight excitation (Huang et al., 2017). In
aqueous solution, the characteristic signal of DMPO- OH adduct con-
stituted by quartet peaks featuring a 1:2:2:1 intensity ratio was ob
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Fig. 7. IR spectra obtained for the ZC0.3 sample before and after De-NOx test.

served, Fig. 8a. Moreover, in the methanol solution, six peaks for
the DMPO- O2– adduct were observed, Fig. 8b (Zhao et al., 2011).
No signal was detected when the photocatalyst suspension was in the
dark. Therefore, the active radicals are formed once the samples are
light irradi

Fig. 8. DMPO spin-trapping EPR spectra of the ZnAl-LDH, ZnAlCr-LDH and ZnCr-LDH
samples under UV–Vis light irradiation in (a) aqueous solution for OH and (b) methanol
solution for O2−.

ated. The intensity of the signals registered was higher for the samples
containing chromium, slightly increasing in the samples with its pres-
ence. Thus, the Cr3+ doping enhances the ability to generate active rad-
icals on these samples.

On the other hand, apart from the physical changes mentioned be-
fore, we go into further depth to investigate the role of Cr3+ ions in
the electronic properties of LDH. The photoluminescence spectroscopy
is useful in the study of the photocharge generation, transfer and sepa-
ration efficiency of LDH photocatalysts (Gunjakar et al., 2013; Zhao
et al., 2016, 2014). To this respect, the photoluminescence (PL) spec-
tra were recorded for the ZnAl, ZnAlCr and ZnCr LDHs samples, Fig. 9a.
A broad PL peak was detected in all samples centered around 425 nm,
in concordance with that previously reported in Zn Cr LDHs (Baliars-
ingh et al., 2014). For practical applications, large surface charge
transfer and low e−/h+ recombination properties are required for a
photocatalyst. The ZnAl-LDH exhibited the highest PL intensity among
the different samples under an excitation wavelength of 360 nm. The
high measured intensity is indicative of the large radiative recombina-
tion rate of the electrons and holes in the semiconductor, a competi-
tive pathway with the reaction of the photogenerated charges with O2
and H2O molecules to form the ROS (Hu et al., 2018). For the sam-
ples here studied, the increased Cr3+ ion content in the LDH formu-
lae causes a decrease in the PL signal. This behaviour clearly indicates
that chromium centres are participating in a new deactivation path-
way of the photocharges lessening the recombination of charge carri-
ers. In fact, it is reported that CrO6 octahedron dispersion in the LDH
matrix promotes the efficiency of the excited electron and minimizes
the e−/h+ recombination, playing a significant role in the photocat

Fig. 9. (a) Photoluminescence (PL) spectra (excitation wavelength = 360 nm) of the dif-
ferent samples. (b) Time decay of the PL signals for the four samples showing the lifetimes
obtained with a monoexponential fit. The Instrumental Response Function (IRF) of the in-
strument is also shown (dotted-dashed grey line).
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alytic processes (Baliarsingh et al., 2013; Gunjakar et al., 2013;
Zhao et al., 2011). Fig. 9b displays the time decay of the PL signal
for the different samples. The decays are much shorter in the case of the
samples containing the Cr3+ ion, which agrees with the decreased sig-
nal of the steady-state experiments. A monoexponential fit of the decays
provided PL lifetimes of 0.65 ns for the ZnAl-LDH samples and 0.54,
0.48 and 0.38 ns for three samples with increasing Cr3+ content. All
these results corroborate the appearance of a new deactivation pathway
associated with the transfer of photogenerated charges to the chromium
centres. The fact that the electron-hole pair recombination is lessened
in chromium containing samples explains its higher ability found in the
generation of active radicals (Fig. 8).

4. Conclusions

Different LDHs were prepared by co-precipitation method, with a
molar ratio of Zn2+/M3+ = 3 (M3+ = Al3+ + Cr3+), without Cr and
increasing the presence of Cr3+ in the LDH framework in the 0.06, 0.15
and 0.3 Cr/Zn ratio. The XRD and FTIR patterns of all the prepared sam-
ples showed the presence of pure LDH phase with carbonate anions in
the interlamellar space.

The morphological and textural characteristics of LDH containing
chromium were markedly different. The crystallinity becomes poorer
and the specific surface area higher when the presence of Cr3+ in-
creases, presenting values of 112 m2 g−1 for the ZnCr-LDH and 76 m2 g−1

for the ZnAl-LDH samples measured. Moreover, the chromium centres
are responsible for the absorption of visible light from 350 to 750 nm.

The photochemical mechanism is composed of the NO ➔ NO2 ➔
NO3− sequential steps, a process that only took place in chromium sam-
ples under visible light. The PL spectra of the samples show that the
presence of the chromium centres in the LDH framework decreases the
recombination rate of the electrons and holes, being their ability to form
OH and O2– radicals higher to that of ZnAl-LDH.

The surface area, the expanded range of light activation and the less-
ened e−/h+ recombination characteristics of Cr-containing LDH samples
are responsible of the improvement in the photo-oxidative elimination
of NO when used as photocatalysts. The sample with the highest amount
of Cr3+ exhibited a high NO removal efficiency (55%), outstanding se-
lectivity (90%) and good reusability, favouring its potential use as a pho-
tocatalyst in the remediation of polluted urban air atmosphere.
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