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A B S T R A C T   

2D/2D heterojunctions between ultrathin NiFe-CO3 layered double hydroxide (LDH) and varying amounts of 
birnessite (δ-MnO2) were prepared using an environmentally friendly and cost-effective self-assembly method. 
The prepared samples have proven to be efficient in their application, mitigating NOx emissions via a photo
oxidative process. The effective creation of 2D/2D NiFe–LDH/MnO2 heterojunctions has been verified through a 
variety of characterisation techniques, such as XRD, FT-IR, TGA, XFR, N2 adsorption–desorption isotherms, 
HRTEM and SEM images, EDX, and XPS. Photocatalytic measurements have indicated that the heterojunction 
formed between NiFe-LDH and MnO2 modifies its photoconductive behaviour, significantly enhancing the visible 
light photocatalytic performance of the partners. Finally, the optimal relationship between NiFe-LDH and MnO2 
in the photocatalytic process was studied. It was found that a ratio of 10:1, respectively, exhibited superior 
properties compared to the other composites, highlighting the best performance in the degradation of NO under 
visible light and notable stability during the recycling process.   

1. Introduction 

The rapid development of industry and population growth has 
caused a deterioration of air quality worldwide, particularly impacting 
urban areas. Nitrogen oxides (NOx = NO + NO2) are among the pol
lutants in atmospheric chemistry that have raised significant global 
concern due to their toxicity and persistence, posing serious threats to 
human health and the environment [1,2]. Therefore, there is an urgent 
need for the design of remediation strategies to eliminate these pollut
ants from the atmosphere, while adhering to established annual limits 
[3]. This necessity has driven the development of NOx emission miti
gation technologies, collectively referred to as DeNOx action, with the 
most common methods being selective catalytic reduction (SCR), non- 
selective catalytic reduction (NSCR), NOx storage catalyst. Other op
tions include NOx absorption, phase separation, ozone injection or NO 
to HNO3 conversion. Since the early 21st century, photocatalysis has 
been considered an ideal air purification method due to its environ
mental compatibility, low energy consumption, mild conditions and the 
utilisation of sunlight, atmospheric water, and oxygen molecules as 

reactants. In fact, numerous research studies have widely demonstrated 
the effectiveness of photocatalysts for DeNOx action [4–7]. However, 
the use of advanced photocatalysts still faces some challenges such as 
poor harvesting of the entire solar spectrum, toxicity, low DeNOx 
selectivity and poor profitability [8–11]. Most of the photocatalysts 
known to date are active under UV light (λ < 400 nm), but their response 
under visible light is often limited. It is essential to meet this require
ment in order to ensure their effectiveness, especially for application in 
urban environments where external radiant energy will not be 
employed, and where UV light exposure can vary due to meteorological 
or geographical conditions. Therefore, developing new photocatalysts 
capable of functioning not only under UV light, but also exhibiting a 
strong performance under visible light, is of utmost importance. In the 
pursuit of new photocatalysts which respond to visible-spectrum light, 
electronic heterojunctions stand out as a compelling strategy by creating 
new pathways that allow the mobility of charge carriers (e-/h+) and 
delay their prompt recombination [12–17]. 

Additionally, transition metals enhance the appeal of this approach, 
given their low-cost and low-toxicity characteristics. In this context, 
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Layered Double Hydroxides (LDHs) represent a family of semi
conductors that has recently been investigated and utilised for DeNOx 
applications [17–22]. Thanks to the inherent properties of its structure, 
LDH has demonstrated excellent performances and outstanding selec
tivity toward the oxidation of NO into nitrite/nitrate species [23–27]. 
The flexibility of the composition allows the modification of the band 
gap and band position over a broad range [20,28], enhancing the light 
absorbance capacity, facilitating the separation of charge carriers, and 
promoting the generation of appropriate reactive oxygen species (ROS). 
Furthermore, the layered structure enables the attainment of ultrathin 
dimensions (2D) by reducing the thickness along the c-axis, thereby 
increasing the specific surface area and providing more active centers 
available for reactants [29]. The 2D-LDHs have been previously re
ported to boost the DeNOx performance, thus serving as a promising 
platform for constructing new heterojunctions. On the other hand, as a 
transition metal oxide, MnO2 has attracted attention in the photo
catalytic field given its ability to boost visible light response due to its 
narrow band gap (~1.9 eV) [30–32]. Some of the most notable prop
erties of this p–type semiconductor are the high thermal stability and the 
multiple inherent oxidation states (+2, +3, +4, +6 and + 7), that benefit 
exposing charge carriers. Up to the present, some composites based on 
LDH/MnO2 have been previously reported [33–35] but, as far as we 
know, no other studies have utilized them as a photocatalyst for air 
remediation. Herein, we present a type-I heterojunction formed by the 
union of NiFe-LDH and δ-MnO2 nano-layered compounds. NiFe-LDH/ 
MnO2 composites were obtained by a simple and environmentally 
friendly method, using abundant and low-cost raw materials. An 
exhaustive study of their physicochemical and optical properties has 
revealed valuable advantages over their precursors resulting in a multi- 
component photocatalyst with superior characteristics. These include 
greater accessibility to the active sites, enhanced light absorption and 
improved separation of charge carriers (e-/h+), contributing to higher 
photocatalytic efficiency under visible light irradiation. The optimized 
composite demonstrates a remarkable efficiency in removing NO under 
visible light when compared to advanced photocatalysts addressing 
concerns related to cost, hazardous materials, environmental impact, 
and reusability. 

2. Materials and methods 

2.1. Materials 

NiCl2⋅6H2O (Sigma Aldrich, 98 %), FeCl3⋅6H2O (PanReac Appli
Chem, 97 %), Na2CO3⋅10H2O (PanReac AppliChem, 99 %), KMnO4 
(Sigma Aldrich, 99 %), NaOH (PanReac AppliChem, 98 %) ethanol 
(PanReac AppliChem, 99.5 %), and methanol (PanReac AppliChem, 
99,9 %) chemicals were used to prepare the photocatalysts. For exper
iments related to the capture of reactive radical species: 5,5-Dimethyl-1- 
pyrroline N-oxide (DMPO, Sigma-Aldrich, 98 %), tert-butanol (t-BOH, 
Sigma-Aldrich, 99 %), p-benzoquinone (p-BQ, Sigma-Aldrich, 98 %), 
potassium dichromate (K2Cr2O7, Sigma-Aldrich, 99.5 %), and potassium 
iodide (KI, DC PanReac, 99 %) were employed. All the reagents pur
chased were of a high degree of purity. 

2.2. Synthesis of photocatalysts 

2.2.1. Preparation of NiFe-LDH and MnO2 
Ni3Fe-CO3 LDH (labelled as NiFe-LDH) was synthesized via the co- 

precipitation method and subsequently delaminated following the 
AMOST (Aqueous Miscible Organic Solvent Treatment) procedure [36]. 
To obtain a Ni2+/Fe3+ molar ratio equal to 3:1, a 1.0 M metal solution 
was prepared by dissolving 0.75 M NiCl2⋅6H2O and 0.25 M FeCl3⋅6H2O 
into 100 mL of deionised water. Successively, the metal solution was 
dropped into 0.125 M of Na2CO3⋅10 H2O solution while stirring for 1 h. 
In order to set the pH at 10 ± 0.2, a 4 M NaOH solution was automat
ically added with an auto-titrator (Dosimat 725 and pH-meter 691 

model, Metrohm). Following the previously published procedure [37], 
the resulting suspension was stirred for 16 h at room temperature and 
then filtered and washed with deionised water until pH = 7 was ob
tained. Subsequently, the wet cake was washed, dispersed for 6 h in pure 
ethanol and filtered. Finally, the wet solid was dried in a stove at 60 ◦C 
overnight. Approximately 8 g powder of NiFe-LDH was obtained. 

Birnessite (δ-MnO2) was synthesised through the thermal decom
position of 1.0 g (6.32 mmol) of KMnO4 powder, subjected to a tem
perature of 400 ◦C for 5 h, and exposed to air. The process involved a 
heating and cooling rate of 10 ◦C per minute. The final product was 
thoroughly washed with deionised water until pH = 7 was reached, and 
dried in a stove at 80 ◦C overnight [38]. The sample was labelled as 
MnO2. 

2.2.2. Preparation of NiFe/MnO2 composites 
NiFe/MnO2 composites were prepared by a simple self-assembly 

procedure outlined in Scheme 1 in Supplementary Information (SI). 
Initially, different amounts of the prepared MnO2 powder (10, 30 and 
60 mg) were dispersed in 5 mL of an ethanol solution. Simultaneously, in 
a different vessel, 100 mg of the NiFe–LDH was dispersed in 20 mL of 
ethanol. Both solutions underwent ultrasound treatment to segregate 
particles. After dispersion (1 h), the solutions were combined in a beaker 
at room temperature for 18 h under continuous stirring. They were then 
subjected to centrifugation and dried overnight at 60 ◦C. The synthe
sized samples were named NiFe/MnO2-0.1, NiFe/MnO2-0.3 and NiFe/ 
MnO2-0.6, respectively. 

2.3. Characterisation techniques 

The chemical composition, morphology, structure and optical 
properties of the samples were studied using the following techniques:  

- X-ray powder diffraction (XRD) patterns were registered on a Bruker 
D8 Discover X-ray diffractometer at room temperature using mono
chromatic Cu–Kα radiation with λ = 1.5406 Å. Data were recorded in 
the 5◦ < 2θ < 70◦ range with a step size of 0.04◦ and 1.05 s per step.  

- Fourier transform infrared (FT-IR) spectra were recorded employing 
a PerkinElmer Spectrum Two spectrophotometer in the 450–4000 
cm− 1 region with a diamond accessory of Attenuated Total Reflec
tion (ATR) mode.  

- The chemical composition of the samples was measured by X-ray 
fluorescence (XRF) employing a Rigaku ZSX Primus IV spectrometer 
equipped with a 4 kW rhodium anode and a scintillation counter for 
heavy elements.  

- High-resolution transmission electron microscopy (HRTEM) analysis 
was conducted using a JEOL 300FEG. The preparation of the samples 
involved crushing the powders in n-butanol and dispersing them 
onto copper grids coated with a porous carbon film.  

- Scanning electron microscopy (SEM) images were obtained with a 
JSM 7600F microscope and a Bruker AXS 4010 detector for energy 
dispersive X-ray spectroscopy (EDX). The samples were pre-dried at 
50 ◦C for 48 h and affixed to SEM stubs using carbon adhesive before 
being sputter-coated with graphite.  

- Thermogravimetric analyses (TGA) were performed on a Mettler 
Toledo TGA/DSC 1 Star System in the temperature range 30–600 ◦C 
with 50 mL min− 1 of an O2 flow and a temperature elevation rate of 
5 ◦C min− 1. To carry out the experiments, 70 µl Al2O3 crucibles 
containing approximately 10 mg of sample were used. 

- N2 adsorption–desorption isotherms were analysed in a Micro
meritics ASAP 2020 instrument. Before analysis, the samples un
derwent overnight vacuum degassing at 90 ◦C. Subsequently, 
measurements were conducted at 77.4 K with liquid nitrogen as the 
adsorbent. Calculations of specific surface areas and pore size dis
tributions were performed employing the Brunauer–Emmett-Teller 
(BET) within the relative equilibrium pressure interval 0.05 < P / 
P0 < 0.30. 
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- Ultraviolet–visible diffuse reflectance (UV–vis DRS) measurements 
were developed in a Cary 5000 UV–Vis-NIR spectrophotometer 
equipped with an integrating sphere with a photomultiplier/PbS 
detector. Teflon was employed as the reference for equipment cali
brations and scans were registered from 200 to 800 nm.  

- X-ray photoelectron spectroscopy (XPS) analysis was performed 
using a Physical Electronics PHI 5700 spectrometer equipped with a 
multichannel hemispherical detector and a non-monochromatic Mg 
Kα radiation (300 W, 15 kV, 1253.6 eV std). The refined scan spectra 
were acquired with a step energy of 29.35 eV and an analysis area of 
720 µm. The spectrometer’s energy scale calibration utilized the Cu 
2p3/2, Ag 3d5/2 and Au 4f7/2 photoelectron lines with binding en
ergies (B.E.) 932.7, 368.3 and 84.0 eV, respectively. The samples 
were positioned in a sample holder with metal wells and sustained in 
a high-vacuum state within the preparation chamber, prior to their 
transfer to the analysis chamber. Maintaining a residual pressure 
below 8.0 x 10–9 Torr, the spectrum acquisition process was carried 
out in the analysis chamber. Software MultiPak version 9.3 (Copy
right Ulva-phi, Inc) was employed to fit the XPS peaks with 
Gaussian/Lorentzian bands (Shirley Background subtraction, and 
Chi-Square as fit test). 

2.4. Evaluation of the photocatalytic activity 

The photocatalytic performance was assessed by a DeNOx test, in 
which the photocatalyst inside a reaction chamber was exposed to light 
illumination while passing a continuous flow rate of NO gas. The 
experiment was performed by depositing 250 mg of powdered sample on 
a quartz sample holder (50 mm x 50 mm) and then placed in a laminar 
flow reactor chamber located inside a dark box equipped with an ul
traviolet Xe lamp (Solarbox 3000e RH model; light irradiance: 25 and 
500 W m− 2 for UV and Vis light, respectively) and a visible LED lamp 
(Kessil PR160-427 nm model; λ = 427 nm; light irradiance: 510 W m− 2). 
A continuous stream comprising NO gas and humid air was connected to 
the reactor chamber. In order to replicate urban atmospheric conditions, 
the concentration levels were set to 150 ppb with a flow gas = 0.325 l 
min− 1 and relative humidity (RH) equal to 40 ± 5 % by splitting zero air 
through a gas-washing bottle containing demineralised water. The 
outlet gases were circulated to a chemiluminescent analyzer (Environ
nement AC 32 M) which measures the concentration of NO, NO2 and 
NOx gases in situ. The equations of the DeNOx (ENO, ENO2, ENOx) and 
Selectivity (S) performance indexes are defined in SI. 

The photocatalytic mechanism was elucidated from data obtained 
through electron paramagnetic resonance (EPR), diffuse reflectance 
infrared Fourier transform spectroscopy (DRIFTS) and scavengers 
measurements. EPR spectra were acquired at room temperature on an 
EMXmicro spectrometer (Bruker) and operating with an X band fre
quency of approximately 9.83 GHz. DRIFTS assessments were registered 
at room temperature with a Perkin Elmer Frontier FT-IR spectrometer 
equipped with a Harrick Praying Mantis diffusion reflection accessory 
and reaction chamber. 

Additional information concerning the photocatalytic activity eval
uation is provided in SI. 

3. Results and discussion 

3.1. Samples characterisation 

X-ray diffraction (XRD) patterns of MnO2, NiFe-LDH and the corre
sponding NiFe/MnO2 composites are shown in Fig. 1A. The MnO2 
sample crystallised into birnessite phase, as evidenced by its X-ray dif
fractogram displaying prominent reflections at 2θ values of approxi
mately ~12.4◦ (7.1 Å) and ~24.9◦ (3.6 Å), corresponding to the 
characteristic (00 l) and (002 l) reflections, characteristic of these 
structures. Additionally, at 2θ values around ~36.5◦ (2.5 Å) and ~65.5◦

(1.4 Å), two hk bands are identified with the (20,11) and (02,31) 

reflections [39]. These observations suggest the existence of a diffusive 
pattern associated with turbostratic disorder in the examined sample. 
Additionally, it is worth noting that the characterization of the MnO2 
sample has already been reported by some of us [38], which includes the 
XRD structural refinement of the KxMnO2 compound locating K+ and 
H2O species in the interlayer space. In the case of the layered double 
hydroxide, the NiFe-LDH sample exhibits broad and low-intensity basal 
XRD reflections associated with its 2D character. Layered double hy
droxides (LDHs) constitute a vast family of compounds whose structure 
derives from that of brucite (Mg(OH)2), with partial isomorphous sub
stitution of divalent ions by trivalent ones. A positive charge thus 
created within the hydroxide layers is balanced by the intercalation of 
hydrated anions in the interlayer space. Their general formula can be 
written as [MII1-xMIIIx (OH)2]x + An

-x/n⋅mH2O, where MII is the divalent 
ion (Mg2+, Zn2+, Ni2+, etc.), MIII the trivalent ion (Al3+, Fe3+, Cr3+, etc.) 
and Xn- is the interlayer anion (Cl-, CO3

2–, SO4
2-, etc.) [40]. In order to 

obtain a nano-layered LDH, as commented in the experimental section, 
this sample is prepared using the AMOST procedure which promotes the 
LDH delamination decreasing the layer stacking [29]. The typical re
flections indicative of an LDH structure were observed, with planes 
located at 2θ–11.2◦ (7.96 Å), 22.7◦ (3.94 Å) and 34.27◦ corresponding to 
the basal (003), (006) and (009) planes, and others situated at angles 
higher than 2θ, corresponding to (015), (018), (110) and (113) planes 

Fig. 1. (A) XRD patterns and (B) FT-IR spectra for the MnO2, NiFe-LDH and 
NiFe/MnO2 samples. 
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[29]. For the composites, the XRD patterns reveal the main reflections of 
both raw materials, suggesting the formation of a well-defined hetero
structure. The observed reflections in the NiFe/MnO2 samples were 
mainly the basal planes of both structures, (003), (006) and (009) for 
NiFe, and (00 l) and (002 l) for MnO2. Notably, these basal planes 
exhibited the same 2θ angle for both partners, indicating the absence of 
an intercalation process between the layered compounds. Due to the 
disparity in crystallinity between the two compounds, distinguishing 
reflections attributed to the layered double hydroxide phase becomes 
challenging as the concentration of MnO2 increases in the composite. 
Additional information about the structure/composition of the samples 
was obtained from the FT-IR spectra, Fig. 1B. The NiFe-LDH spectrum 
displays bands indicative of O-H stretching vibrations (3390 cm− 1) and 
the H-O-H bending vibration of the interlayer water molecules (1635 
cm− 1). The presence of carbonate located within the LDH interlayer is 
inferred by bands positioned at 1467 and 1365 cm− 1, while the 
appearance of bands at 2970, 1090 and 1050 cm− 1 is attributed to the 
presence of trace amounts of ethanol molecules. The presence of these 
organic molecules remaining in the LDH structure is a result of their 
utilisation in the AMOST delamination process. Using this procedure, 
solvent molecules partially enter the interlayer galleries, displacing the 
H2O molecules. As a result, the decrease in hydrogen bonding between 
layers promotes the delamination of LDH [37]. Finally, at lower fre
quencies (below 900 cm− 1), sharp bands are associated with the HO-M- 
OH and M-O and vibrational bending modes. In the FT-IR spectrum of 
the MnO2 sample, as mentioned earlier, in the 4000–2000 cm− 1 region, 
the H-O-H bending and O-H stretching vibrations of H2O molecules are 
observed. Moreover, the band around 3175 cm− 1 could be related to a 
certain form of the ordering of H2O molecules in the structure [41]. The 
bands at around 1596 and 1524 cm− 1 are associated with the bending of 
OH/H2O. The band appearing at 924 cm− 1 is linked to vibrations of 
peripheral Mn-O moving in conjunction with OH groups located on the 
edges of the particles [41]. In the composites, the most prominent 
feature is the predominance of bands characteristic of the LDH structure, 
primarily those associated to the carbonate vibrations modes. The 
variation in the intensity of these bands indicates the different quantities 
of NiFe-LDH present in the composites. The most notable observation is 
the absence of bands associated with Mn-O vibrations adjacent to OH 
groups in all prepared composite samples, including the disappearance 
of the shoulder at 3175 cm− 1 and the band at 924 cm− 1. Therefore, the 
absence of bands associated with Mn-OH interactions in all prepared 
composites suggests a significant modification in the surface structure, 
likely associated with the anchoring of MnO2 nano-particles onto NiFe- 
LDH nanolayers. This structural alteration should indicate an enhanced 
interaction between both materials and a modification of the photo
conductive behaviour. 

The chemical formula of the raw materials was determined from 
results obtained using XRF and TGA techniques, Figs. S1 and S2 and 
Table S1a. In the case of NiFe-LDH, as before mentioned, the amount of 
carbonate anions was presumed to be essential for balancing the positive 
charge of the metal hydroxide layers. The M2+/M3+ ratio was 2.92, near 
the theoretical one of 3.0. In the MnO2 material, a K/Mn ratio of 0.3 was 
determined. The elemental composition was confirmed by EDX analysis, 
Table S1b. Given that the content of K is equal to the content of Mn(III), 
it is acceptable to deduce a Mn(III)/Mn(IV) ratio which provides insights 
into the potential correlation between the photocatalytic activity of 
these composites and the presence of Mn(III) in the material. The 
oxidation states for the elements in both compounds were deduced from 
XPS results, as further discussed in section 3.3. 

3.2. Morphology, textural and optical properties 

The MnO2, NiFe-LDH and NiFe/MnO2 samples appear as aggregates 
of nanoparticles, as shown in Fig. S3. The corresponding EDX mapping 
images of the elements Ni, Fe, Mn, and K reveal their complete disper
sion in both the raw samples and the composites, indicating a notable 

homogeneous distribution in the heterostructure (Figs. S4–S7). HRTEM 
images reveal the 2D nature of the nanoparticles observed for the 
studied compounds, Fig. 2. The HRTEM images of MnO2 particles reveal 
a distance between layers close to ~7 Å corresponding to (00 l) planes of 
the lamellar structure, Fig. 2B. NiFe-LDH consists of flower-like particles 
formed by corrugated nanosheets with a thickness ranging from 3–5 nm, 
as illustrated in Fig. 2C. In Fig. 2D, the high-resolution TEM image of 
NiFe-LDH shows a lattice spacing of ~8 Å, associated to d003 of LDH, 
(Fig. 1A). The 2D morphology of MnO2 and NiFe–LDH nanoparticles is 
preserved in the prepared composites, Fig. 2E. The HRTEM images show 
the attached MnO2 nanoparticles onto NiFe-LDH nano-layers validating 
the effective interaction between both systems within the NiFe/MnO2 
composites (Fig. 2F and S8). Distances of ~7 Å can be associated with 
the interlayer distances (00 l) of the MnO2 phase due to the turbostratic 
effect and exhibiting higher transmission contrast, related to its greater 
thickness. 

Because of the significance of available active sites for the catalytic 
heterogeneous reactions, an analysis of the specific surface area of the 
samples was conducted using N2 adsorption–desorption isotherms, as 
depicted in Fig. 3A. The isotherm shapes exhibited characteristics 
consistent with a type II isotherm. Notably, the NiFe-LDH sample 

Fig. 2. HRTEM images of the (A-B) MnO2, (C-D) NiFe-LDH and (E-F) NiFe/ 
MnO2-0.1 samples. 
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displayed an H3 hysteresis loop, a distinctive feature associated with 
LDHs obtained by the AMOST procedure [37]. In concordance with the 
observations from HRTEM images, this structure is attributed to the 
presence of slit-shaped pores, a consequence of the sheet-shaped 
morphology. In the case of the composites, the hysteresis loop became 
shorter as the amount of NiFe-LDH decreased. In contrast to MnO2, NiFe- 
LDH exhibits a significantly higher specific surface area (258.4 vs. 16.6 
m2 g− 1) and pore volume (0.76 vs. 0.02 cm3 g− 1), as illustrated in 
Fig. 3B. This notable increase is attributed to the successful delamination 
of numerous nano-sheets accounted within the LDH structure when the 
AMOST procedure is applied [29]. The specific surface area of the 
composites increases with the NiFe-LDH content, providing a larger 
number of active sites. Consequently, an enhanced photocatalytic per
formance is expected. 

The study of the optical characteristics was determined with the 
diffuse reflectance UV–Vis absorption technique, as shown in Fig. 4A. 
NiFe-LDH exhibits a pronounced absorbance in the UV spectrum 
(200–400 nm) but also significant bands in the visible region. The bands 
attributed to UV light absorption are linked with ligand-to-metal elec
tron transitions within an octahedral environment. Conversely, the 
broad bands in the 600–800 nm range can be associated with d-d tran
sitions of the metals composing the layers [29]. In the case of MnO2, a 
strong absorption in the ultraviolet and visible region is observed, 
similar to that previously reported in the literature [42,43]. The band 

gap values (Eg) for each sample were calculated from the transformed 
Kubelka-Munk function, Fig. 4B. The estimated energy gap of NiFe-LDH, 
NiFe/MnO2–0.1, NiFe/MnO2-0.3, NiFe/MnO2-0.6 and MnO2 are 2.5 eV, 
2.3 eV, 2.0 eV, 1.9 eV and 1.6 eV, respectively. In contrast to NiFe-LDH, 
the visible light harvesting of composites is enhanced by the presence of 
MnO2, which should help generate electron-hole pairs crucial for 
photochemical reactions. 

3.3. Photocatalytic DeNOx performance and mechanism 

The photocatalytic activity of the samples was evaluated based on 
their capacity to abate nitrogen oxide gas from the air, thus serving as an 
environmental tool to clean polluted atmospheres. To perform the 
DeNOx experiments, the samples were placed in a continuous flow 
photoreactor, and light irradiated. Fig. S9A depicts the measured values 
of NO concentration as a function of time. During the equilibrium pro
cess in the absence of light (0 < t < 10 min) the NO measured is that of 
the inlet NO concentration (150 ppb), indicating that no reaction occurs 
in the chamber. Subsequently, once the UV–Vis lamp is on (t = 10 min), 
a rapid decline in NO concentration is noted, arriving at a steady state 
20 min after light exposure (t = 30 min). Finally, in the dark, the NO 
concentration is recovered when the lamp is off (t > 70 min). The 
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concentration profile observed is associated with the occurrence of a 
photocatalytic reaction. Upon light irradiation with the appropriate 
photon energy, charge separation occurs. The excited electrons move to 
the conduction band (CB), creating holes in the valence band (VB). 
Before their recombination, both charges can react with molecules 
absorbed on the surface of the photocatalysts, primarily oxygen and 
water vapour molecules present in the air. Consequently, highly reactive 
oxygen species (ROS species) such as hydroxyl (⋅OH) and superoxide 
(O2

–) radicals are formed. These radicals then react with the environ
mental molecules in contact with the photocatalyst, the NOx gases in our 
case. Following this photochemical oxidation process, the NOx gases are 
effectively removed from the air as they transform into nitrate and ni
trite species [6], as discussed below. For the first time, the use of MnO2 
as a DeNOx photocatalyst is here reported. Despite its very small specific 
surface area (16.6 m2 g− 1), the MnO2 photocatalyst exhibits a very 
interesting ability to remove NOx gases under UV–Vis light irradiation, 
with an ENO efficiency of 63 %, as shown in Fig. S9B. This observed high 
activity is in line with those reported for δ-MnO2 photocatalysts, for 
which a high surface Mn4+/Mn3+ molar ratio favours a better photo
chemical activity [44]. This ENO value clearly surpasses those reported 
for transition metal oxides studied as DeNOx photocatalysts, Table S2, 
making it intriguing and warrants further investigation in future studies. 
On the other hand, NiFe-LDH exhibits an outstanding DeNOx efficiency 
with a value of ENO = 77 % in line with those reported for AMOST LDHs, 
for which their large surface area exposed to the gas reactant molecules 
help to boost their ability to remove them from air [21,29]. 

During the photochemical process, NO2 gas is produced as an in
termediate product of the oxidation of NO to NO3

–. It is important to 
avoid the release of NO2 into the atmosphere, as it is significantly more 
toxic than NO [45], thereby achieving a high selectivity in the formation 
of the nitrate phase. Once formed, the large surface area of NiFe-LDH 
facilitates the adsorption of NO2 molecules onto the photocatalyst sur
face [29] and, therefore, their oxidation to nitrates, avoiding their 
release to the atmosphere. In this sense, the NiFe-LDH photocatalyst is 
highly selective towards the DeNOx process, S = 94 %. In the case of 
MnO2, the selectivity is limited to S = 78 %. Overall, both photocatalysts 
exhibit significant ability to remove NOx gases, with ENOx values of 50 % 
and 72 % for MnO2 and NiFe-LDH, respectively (Fig. S9B). However, this 
ability is seriously limited when the photocatalyst works under visible 
light illumination, Fig. 5A. Thus, the activity of the MnO2 photocatalyst 
proves to be negligible with ENO = 6 % and that of NiFe-LDH decays to a 
poor value of ENO = 22 %. A similar low efficiency for the NO abatement 
under visible light was previously reported for the NiFe-LDH system 
[22]. 

As mentioned in the introduction section, the development of pho
tocatalysts capable of working under visible light is crucial for envi
ronmental applications. In this context, the preparation of NiFe/MnO2 
heterostructures proves to be fundamental in enhancing the visible light 
activity of these photocatalytic systems, leading to a noticeable increase 
in the ENO values (Fig. 5A and 5B). The ratio of NiFe/MnO2 is important 
in optimising the photocatalytic performance. The activity seems to be 
mainly governed by the NiFe-LDH partner and the increasing amount of 
MnO2 in the heterostructure resulted in a poorer DeNOx performance. 
This activity can be attributed to the fact that the latter masks numerous 
active sites on the NiFe photocatalyst surface and diminishes the specific 
surface area of the composite (Fig. 3B). It is important to highlight that a 
near full DeNOx selectivity, S ≈ 98 %, was preserved for NiFe/MnO2 
photocatalysts (Fig. 5B). The NiFe/MnO2-0.1 sample emerges as the 
optimal heterostructure with an ENO = 41 % (Fig. 5B), a good value in 
line with the majority of previously reported visible light DeNOx pho
tocatalysts, Table S3. Furthermore, focusing on its potential application 
as a visible light photocatalyst for the DeNOx process, the NiFe/MnO2- 
0.1 sample underwent several consecutive photocatalytic tests to assess 
the long-term efficacy and stability (Fig. S10). The sample exhibits a low 
tendency to decrease the ENO efficiency, reaching a value of 34 % after 
the fourth run. This is attributed to the production of NO3
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– 
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species during the photochemical conversion of NO, as will be discussed 
later. These species progressively accumulate on the surface, masking 
some of the active sites of the photocatalyst and thereby detrimentally 
affecting its performance. However, the high solubility of nitrite/nitrate 
species allows for their easy elimination from the photocatalyst’s surface 
through a simple washing procedure with Milli-Q water. Therefore, after 
washing, collecting, and drying the photocatalyst following the fourth 
run the ENO index returns to similar values (5th run) as those observed 
for the pristine sample (1st run). In addition, the stability of the photo
catalyst was assessed through XRD HRTEM and XPS characterization 
and no structural, morphological, and chemical changes were observed 
after the photocatalytic process (Figs. S11 and S12). This highlights the 
high DeNOx efficiency and resilience of these photocatalysts. The ob
tained results, compared with those reported for photocatalysts in 
Table S3, show the promising advantages for the future implementation 
of NiFe/MnO2-0.1 as a DeNOx photocatalyst. Most photocatalysts are 
highly selective, and some of them exhibit a higher ENO efficiency, 
however, these are based on expensive (e.g., Pd, Eu, QDs) or toxic (e.g., 
Pd, Pb) elements. In contrast, the reusability of NiFe/MnO2-0.1 was 
maintained for more than double the duration (6 h of experiment) 
compared to the majority of photocatalysts studied (1–2.5 h). For 
practical applications, the future use of DeNOx photocatalyst to combat 
polluted urban atmospheres requires large quantities of material with 
good photocatalytic efficiency, a simple preparation methodology, the 
use of low-cost and non-toxic elements, and enhanced reusability. 
Considering Table S3, all requirements are met by the NiFe/MnO2-0.1 
sample. 

To explain this enhanced photocatalytic behaviour, Fig. 5C shows a 
schematic diagram of the theoretical band structure for the NiFe/MnO2 
interface. The positioning of the valence band (VB) and conduction band 
for each partner was proposed based on the previous literature for 
δ-MnO2 and Ni3Fe-LDH photocatalysts [46,47]. The energy level dia
gram could be described as a type-I heterojunction that was successfully 

used in previous photocatalytic processes in air and water [48,49]. 
While the indicated energy positions may not precisely correspond to 
the edges of the absolute conduction band (CB) and valence band (VB) of 
both semiconductors, these values serve as a reference to delve into the 
electronic interaction between the individual constituents of the heter
ostructure. Under light exposure, the photogenerated electrons reach 
the CB in NiFe-LDH. Since the CB in NiFe-LDH lies at more negative 
potential values, a flow of electrons towards CB in MnO2 is expected. 
This proposed charge transfer mechanism should suppress the detri
mental charge carrier recombination in the highly active NiFe-LDH 
photocatalyst, thereby positively influencing the ultimate DeNOx 
visible light ability of the material. 

Different experiments were conducted to corroborate the theoretical 
mechanism proposed. Firstly, the XPS characterisation of MnO2, NiFe- 
LDH, and NiFe/MnO2-0.3 samples was carried out, by recording the C 
1s, O 1s, Ni 2p, Mn 2p, Mn 3 s, and Fe 2p XPS regions. C 1s at 284.8 eV 
was used for charge shift correction, Fig. S13A. The O 1s peak for NiFe- 
LDH appears at 531 eV (Fig. S13B) while the O 1s peak for MnO2 can be 
deconvolved into three peaks at 530 eV, 531.5 eV and 533.1 eV, cor
responding to Mn-O-Mn, M− O− H, and H-O-H, respectively (Fig. S13B 
and Fig. S13C). Fig. 6A shows the characteristic pattern of the Ni 2p3/2 
(855.6 eV) and Ni 2p1/2 (873.3 eV) and the two satellites Ni 2p3/2 and Ni 
2p1/2. The binding energy of 855.6 eV for Ni 2p3/2 indicates a Ni2+

hydroxide chemical environment, conforming to previously reported 
results [29,50]. Fig. 6B shows the XPS Fe 2p region. The pattern, along 
with shake-up satellite peaks, centred around the binding energy of Fe 
2p3/2 at 711.5 eV corresponds to Fe3+ hydroxide [50]. Both results 
confirm the proposed formula of [Ni0.74Fe0.26(OH)2](CO3)0.13 for the 
NiFe-LDH sample. Fig. 6C shows the Mn 2p region for the MnO2 sample, 
and Fig. 6D the Mn 3 s. Mn 3 s shows two multiplet split components 
caused by the coupling of non-ionized 3 s electrons with 3d valence band 
electrons. The binding energy separation between this multiple split has 
been reported to be around 5.8 eV, 5.5 eV, 5.4 eV and 4.7 eV for MnO, 
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Mn3O4, Mn2O3 and MnO2, respectively [51,52]. The separation between 
the two multiplet split components of Mn 3 s was ΔEMn3s = 4.59 eV 
(Fig. 6D) for MnO2. Finally, by applying the equation of Beyreuther et al. 
(νMn = 9.67 − 1.27 ΔEMn3s ) [53] an average oxidation state of νMn = 3.8 
was estimated. This value is related to the presence of Mn3+, in corre
spondence with the chemical formula K0.3MnO2⋅0.3H2O (Table S1), and 
provides the area ratio for deconvolution of the Mn 2p XPS region 
(around 20 % Mn3+, 80 % Mn4+), Fig. 6C. The peaks at 641.3 eV and 
642.4 eV (Mn 2p3/2) are assigned to Mn3+ and Mn4+, respectively [50]. 
The asymmetry of the peaks is associated with a combination of Mn 
oxidation states. The measured K 2p signal confirms the presence of K+

ions in the MnO2 sample, Fig. S14. Noticeable changes were observed in 
XPS signals for the NiFe/MnO2-0.3 sample. Thus, the Fe 2p peaks un
dergo a shift towards a more oxidated state, as shown in Fig. 6B, whereas 
the Mn 2p signal suffers a shift at lower binding energies corresponding 
to an increase in Mn3+, Fig. 6C. The Mn 2p3/2 Mn3+/Mn4+ area ratio for 
NiFe/MnO2-0.3 (Fig. 6C) provides an estimate of the Mn average 
oxidation state of 3.4 (60 % Mn3+, 40 % Mn4+). Using the Beyreuther 
et al. equation, the binding energy separation of the Mn 3 s multiplet is 
ΔEMn3s = 4.94 eV. The positions of the peaks of Mn 3 s are more influ
enced by the formal charge of the manganese ion than in the case of Mn 
2p, and suffer a shift to higher energies with an increase in the oxidation 
state [54]. The deconvolution Mn 3 s region of NiFe/MnO2-0.3 (Fig. 6D) 
is affected by the overlapping of the Fe 3 s signal, and a weaker signal of 
the Mn 3 s and Fe 3 s. There is no change in the oxidation state of the Ni 

(Fig. 6A). The XPS findings agree with the theoretical band structure 
proposed for the NiFe/MnO2 interface (Fig. 5C), the CB electrons of 
NiFe-LDH partner being drained by the MnO2 and confirming the cre
ation of a good electronic heterojunction. 

The EPR measurements helped identify the reactive species partici
pating in the photochemical process. Fig. 7 shows the EPR signals ob
tained for the photocatalysts DMPO as the spin trapping agent in 
aqueous and methanolic solutions. In the case of aqueous solutions, the 
DMPO− •OH adduct signal is usually observed when holes originated 
during the photocatalytic process have enough redox potential to 
convert water molecules or hydroxyl groups into hydroxyl radical (E⋅OH/ 

H2O = 2.82 eV; E⋅OH/OH– = 1.99 eV). In this context, the formation of •OH 
radicals (Fig. 5C) is impeded as the valence band (band) edge in each 
material is positioned below 2.82 eV (or 1.99 eV) of energy. However, 
intense signals are observed for the MnO2 photocatalyst and the com
posites with a higher amount of MnO2. In fact, an intense heptaplet 
signal is observed for MnO2 even in the absence of light, Fig. 7A. This is 
associated with the powerful oxidation character of manganese dioxide 
in water, leading to a chemical rather than a photochemical reaction 
with DMPO. 

This signal is characteristic of the corresponding nitroxide, DMPOX, 
formed during the oxidation reaction of DMPO [55–57]. On the other 
hand, in methanolic solutions, the sextet corresponding to the 
DMPO− •O2

– adduct is observed. Its intensity increases with light irra
diation time, indicating that superoxide radicals arise from the 
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photochemical process. This agrees with the theoretical positioning of 
the CB edge for the NiFe-LDH and MnO2 photocatalysts (− 0.6 and − 0.4 
eV, respectively), which is lower than the O2/•O2

– pair (− 0.13 eV). 
In the case of MnO2, the formation of superoxide radicals is expected 

to result from a chemical reaction, as previously reported [58], with 
their appearance beginning in dark conditions. The limited capability of 
NiFe-LDH to generate superoxide radicals under visible light has been 
previously reported [22]. Similarly, a negligible signal is measured after 
10 min of light irradiation (Fig. 7B) explaining the observed low DeNOx 
activity (Fig. 5A). However, this ability is clearly reinforced by the 
formation of an electronic heterojunction with MnO2 (Fig. 7C–E), which 
facilitates the flow of the electrons between CB from NiFe-LDH and 
MnO2, as inferred from XPS data, and lessening the e-/h+ recombination 
in NiFe-LDH. It is interesting to highlight that, due to the intensity of the 
measured signals, higher amounts of superoxide radicals are produced 
for NiFe/MnO2-0.3 and NiFe/MnO2-0.6 photocatalysts; while NiFe/ 
MnO2-0.1, with better ENO efficiency, showed a comparatively lower 
superoxide radical production (Fig. 5A and B). However, among the 
three composites, the NiFe/MnO2-0.1 sample exhibits the largest spe
cific surface area (Fig. 3B). This suggests that optimised photocatalytic 
activity results from a balance between electronic and physical prop
erties in NiFe/MnO2 composites. Thus, the NiFe/MnO2-0.1 sample ex
hibits a lower ability to produce superoxide radicals but offers a higher 
number of active sites for NO reactant molecules. Therefore, the good 
DeNOx visible light activity of the formed heterostructure could be 
explained by facilitating the formation of radical species necessary to 
interact with the higher amount of gas molecules. 

To confirm the role of charges and radicals in the photochemical 
mechanism under visible light, DeNOx experiments were conducted 
with the NiFe/MnO2-0.1 sample using the corresponding scavengers 
(SI): tert-butanol (t-BOH), p-benzoquinone (p-BQ), KI and K2Cr2O7 to 
trap hydroxyl radical species, superoxide radical species, holes, and 
electrons, respectively; Fig. 8. Once again, the pivotal role of superoxide 
radicals is confirmed, as the presence of p-BQ markedly hampers the 
elimination of NO. Similar behaviour is observed when electrons are 
trapped, both findings indicating the significance of both factors in the 
photochemical reaction. On the other hand, the NO concentration pro
file using t-BOH is similar to that exhibited by the photocatalyst in the 
absence of a scavenger, indicating that •OH radicals are not partici
pating in the photochemical process, in accordance with EPR experi
ments. Interestingly, the h+ charges also seem to play an important role 
in the DeNOx process, as the presence of KI abates the NO conversion. 
Because the positioning of the VB edges prevents the formation of •OH 
radicals, and they were not experimentally detected, the h+ should be 

directly consumed in the oxidation of NO molecules to nitrite/nitrate 
species. 

Furthermore, DRIFTS assays were employed to gain insights into the 
interaction between NO molecules and the active surface of the photo
catalyst, with the aim of elucidating the photochemical mechanism. The 
temporal evolution of the DeNOx process was measured in situ, as 
exhibited in Fig. 9. Preceding this, the samples underwent a pre- 
treatment procedure, and a baseline spectrum was recorded. Sequen
tial spectra were subsequently acquired as NO and O2 were introduced 
into the reaction chamber, capturing variations under both dark and 
illuminated conditions. In the darkness, MnO2 promotes a catalytic re
action of NO gas as indicated by low-intensity peaks associated with 
nitrite (1335, 1361 and 1460 cm− 1) and nitrate (1515, 1525 and 1570 
cm− 1) species, as shown in Fig. 9A [15,29,59,60]. Upon illumination, 
there is an increase in the intensity of the signal and the appearance of 
new ones, indicating that a photochemical reaction is taking place. Thus, 
signals corresponding to bridged (bidentate) molecules of nitrate (1005, 
1022, 1225, 1309 and 1548 cm− 1) as stabilised molecules on the surface 
of the photocatalyst are observed [61–63]. 

Additionally, the small bands located at 1394 and 1404 cm− 1 are 
assigned to N2O4 as an intermediate appearing during the photochem
ical oxidation of NO [60]. In NiFe-LDH, a different profile is observed for 
the IR spectra obtained in the dark, Fig. 9B. The signal located at 1063 
cm− 1 corresponds to NO [61,64], indicating that gas molecules are 
easily adsorbed onto the photocatalyst surface, as previously observed 
for LDHs exhibiting a large specific surface area [29]. Subsequently, in 
the presence of the LDH’s hydroxyl groups, the disproportionation of NO 
into NO– (1127 cm− 1) and NO2

– species (1288, 1330, 1367 and 1474 
cm− 1) takes place. These species are ultimately oxidised to nitrate 
(1020, 1549 and 1566 cm− 1) in the presence of O2. In the same way as 
MnO2, once the NiFe-LDH is irradiated with light, intense signals for 
nitrite and nitrate species are measured due to the photochemical pro
cess taking place on its surface. Similar signals were identified during 
both the dark and illumination periods for the NiFe/MnO2-0.1 sample 
(Fig. 9C). Interestingly, in the case of NiFe-LDH and NiFe/MnO2-0.1 
samples, the presence of NO bands (1063 cm− 1) is still observed under 
light irradiation. As previously reported [29], the large surface area of 
LDHs provides numerous unreacted active sites available on the surface 
to anchor NO gas molecules, thereby facilitating their subsequent photo- 
oxidation. 

Finally, a plausible photochemical mechanism is proposed to explain 
the enhanced visible light DeNOx activity of NiFe/MnO2 photocatalysts, 
as illustrated in Fig. S15. The proposed mechanism is supported by 
combined results obtained from XPS, EPR, DRIFTS and scavenger ex
periments. Under visible light irradiation, electrons in the VB are excited 
to reach the CB in both partners. Probably, in the MnO2 semiconductor, 
the e- and h+ are immediately recombined, as the very high rate reported 
for this process on birnessite (10-11 s) [65], aligns with its negligible 
DeNOx activity (Fig. 5a). In the case of NiFe-LDH, the reported recom
bination rate is clearly slower (1.57x10-9 s) [22], aligning with the su
perior DeNOx activity exhibited by this partner. In addition, thanks to 
the electronic heterojunction formed between the semiconductors, the 
e-/h+ recombination is reduced in NiFe/MnO2 composites. This is ach
ieved because electrons from CB in the NiFe-LDH are transferred to CB in 
MnO2. As a result, both charge carriers (e- in MnO2 CB and h+ in NiFe- 
LDH VB) can initiate the photo-oxidative DeNOx process, as summarised 
in Fig. S15. Thus, on the catalyst’s surface, the formed superoxide rad
icals (2) promote the oxidation of NO to nitrate (3). This oxidation 
process may also involve the participation of holes reaching the cata
lyst’s surface (4). Additionally, the holes could oxidate the lattice oxide 
ions to O- (5), which are rapidly stabilised by the formation of nitrites 
(6). Ultimately, nitrites are converted to nitrates through the action of 
superoxides (7). 
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4. Conclusions 

2D/2D heterojunctions between NiFe-LDH and different amounts of 
MnO2 (NiFe/MnO2) were synthesised for application in the photo
catalytic oxidation of NOx gases (DeNOx action). A simple self-assembly 
procedure, involving the mixing of ultrasonically dispersed ethanol 
suspensions of both NiFe-LDH and MnO2, was implemented. A 
comprehensive characterisation study confirmed the successful attain
ment of the 2D/2D NiFe/MnO2 composites. Although MnO2 and NiFe- 
LDH photocatalysts show good efficacy in NOx gas removal under 
UV–Vis light irradiation, their DeNOx efficiency is significantly dimin
ished under visible light, with ENO = 6 % for MnO2 and ENO = 22 % for 
NiFe-LDH. DeNOx tests indicated that the formation of NiFe/MnO2 
heterojunctions significantly enhanced the visible light activity of these 
photocatalytic systems, resulting in a notable increase in ENO values 
with exceptional selectivity for all samples (S = 98 %). The results 
showed that the sample with the highest NiFe–LDH amount, NiFe/ 
MnO2-0.1, has the best DeNOx efficiency (ENO = 41 %) among NiFe/ 
MnO2 composites. A higher presence of NiFe-LDH in the sample pro
vides a larger specific surface area, consequently offering more active 
sites on the surface to anchor NO gas molecules and facilitate their 
subsequent photo-oxidation. On the other hand, a lower but sufficient 
production of superoxide radicals is registered in this sample, suggesting 
that the optimised photocatalytic activity of NiFe/MnO2 composites 
depends on both their electronic and physical properties. Results ob
tained from XPS, EPR, DRIFTS, and scavenger experiments suggest that 
the mechanism of the DeNOx process occurs via the photo oxidation of 
NO into nitrite/nitrate species and that the electronic heterojunction 
formed between the semiconductors reduces e-/h+ recombination. 
Additionally, the findings reveal the key role of superoxide radicals, 
indicating that •OH radicals do not participate in the photochemical 
process due to the position of the valence band edges in the hetero
junction, preventing their formation. Finally, consecutive photocatalytic 
tests demonstrated the long-term efficacy and stability of the photo
catalyst for DeNOx action. Compared to previously studied advanced 
DeNOx visible light photocatalysts, NiFe/MnO2-0.1 composite emerges 
as a promising candidate for practical applications. 
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Fig. 9. In situ DRIFTs spectra for the (A) MnO2, (B) NiFe-LDH and (C) NiFe/ 
MnO2-0.1 samples in dark conditions and under visible light irradiation (λ =
427 nm) recorded at 0, 30 and 60 min. Colour legend designated at the top of 
the figure for each of the different species generated during the process. 
(Asterisk denotes bidentate or chelate species). 
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