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ARTICLE INFO ABSTRACT

Keywords: Many current studies are focused on the development of 2D/2D nanosystems based on non-traditional semi-

LPH conductors as efficient visible light-active photocatalysts, due to their interesting structural and optical prop-

}?LOBr vsi erties. Thus, the charge-separation in heterostructures can be enhanced by boosting the interfacial contact. In this
otocatalysis

Nitrogen Oxides

work, robust 2D/2D NiTi/BiOBr composites have been prepared by incorporating a 2D layered BiOBr into NiTi-
layered double hydroxides (LDH) for the subsequent study of their photocatalytic action in the control of NOy

pollution. The successful formation of a type-II heterojunction between both semiconductors has been confirmed
by several characterization techniques (including XPS, NMR and electrochemical studies), indicating an intimate
contact interface that helps enhance the visible light photocatalytic performance of NiTi-LDH. In particular, the
NiTi-LDH/BiOBr-0.6 heterojunction, with a more efficient separation of photoinduced carriers, showed
exceptional NO removal efficiency under visible light and remarkable robustness for the recycling process.

1. Introduction

The increase in road traffic and industrial activity in urban envi-
ronments has caused the emission of pollutants to rise into the atmo-
sphere. This has turned air quality into a serious problem on a global
scale, leading to thousands of premature deaths per year worldwide [1].
One of the main contributors to these deaths are nitrogen oxide gases
(NOy), also known as the overall amount of nitric oxide (NO) and ni-
trogen dioxide (NO2). NOy gases are classified as primary pollutants and
are responsible for adverse effects such as acid rain, photochemical
smog, stratospheric ozone depletion and the greenhouse effect on the
environment. Moreover, the inhalation of these gases can cause asthma,
emphysema or bronchitis in the respiratory system [2]. Although leg-
islative measures have been taken to reduce their impact, the recom-
mended NOy concentration limits in the atmosphere are frequently
exceeded. For that reason, there is a high interest in developing new
methodologies to remove the NOy pollution (DeNOy action).

From the early 2000 s, numerous studies have focused their attention
on semiconductor materials as potential photocatalysts for atmospheric
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pollution remediation. Thus, photocatalysis is becoming an environ-
mentally friendly effective technology which works under mild condi-
tions using natural sunlight as the incoming energy and water and
oxygen as the reactants [3]. In the field of photocatalysis, the research
progresses are focused on the search for new materials with enhanced
properties an efficient exploitation of visible light, higher mobility of the
charge carriers and increased accessibility of the reactant molecules to
the active sites [4,5]. In this sense, 2D materials are a new subject of
study as photocatalytic systems. This is because 2D nanolayered systems
possess extraordinary advantages, such as special optical and electrical
properties and higher surface area values, endowing them with a
favorable capacity for photocatalytic applications. Some examples of
these materials are graphitic carbon nitrides [6,7], perovskites [8] and
transition metal dichalcogenides [9,10]. However, to date, no single
semiconductor meets all the requirements to be a promising photo-
catalyst on its own. For this reason, different chemical actions have been
proposed, like doping [11], quantum dot functionalization [12,13],
creation of electronic heterojunctions [14-16] or structural defects [17].

From above, and with the aim of providing new solutions in the
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application of heterogeneous catalysis for air remediation purposes, it is
of interest to propose a new electronic structure based on the BiOX
(X = Cl, Br or I) and LDH (layered double hydroxides) 2D inorganic
semiconductors coupling. The favorable photocatalytic response of
heterojunctions based on LDH and BiOX has previously been reported
[18-22], but, to the best of our knowledge, none of them have been
employed for photocatalytic processes in air. LDHs are a family of
anionic clays represented by the general formula
ML MI(OH), 1t AL, - mH,0] where MY, M™ are divalent and trivalent
cations and A™ can be a large number of inorganic or organic anions,
which are located in the interlayer spacing together with molecular
water [23]. Due to their particular structure and simple synthesis,
layered double hydroxides (LDHs) offer the advantage of easily modi-
fying their chemical composition with a variety of metals, thereby
improving their electronic properties and enhancing light harvesting
while mitigating electron-hole recombination [24-27]. Thus, our
research group has found that LDHs containing transition metal cations
are highly efficient for photocatalytic NOx abatement [25-28] with
outstanding selectivity towards the formation of nitrate/nitrite species
(>90%). However, the main disadvantage of these compounds is that
they exhibit poor efficiencies for NO conversion under visible light
alone. On the other hand, the inherent optical and electrical properties
of BiOX compounds have promoted great attention for their use as
visible-light photocatalysts [29]. These are a family of layered com-
pounds consisting of [Biz0,]%" slides interlayered with double slides of
halogen atoms, with a tetragonal structure similar to matlockite (PbFCl)
mineral [30]. Because the different ionic radius of Cl, Br and I (0.181,
0.196 and 0.220 nm, respectively) the electrical and optical properties
of BiOX compounds are modified. Consequently, their corresponding
valence band position, energy band gap, light absorption capability and
stability are also affected [31-33]. Among the BiOX class, due to the
appropriate position of the valence and conduction bands [34,35], bis-
muth oxybromide (BiOBr) shows exceptional visible light-driven pho-
tocatalytic activity for several reactions such as photodegradation of
contaminants [36], photocatalytic inactivation of Escherichia coli bac-
teria [37], CO4 reduction to fuels [38] or DeNOy reaction [29], and
excellent mobility of the photogenerated electrons [29,39]. Nonethe-
less, there is still room for improvement of both the enhancement of the
visible light absorption (BiOBr only absorbs below 430 nm) [20] and the
efficient suppression of electron-hole recombination [40]. In this sense,
some efforts have been made to boost the photocatalytic efficiency of
BiOBr in the DeNOy process. Sun et al. [41] promoted with novel 2D
BiOBr/C3N4 nanojunctions not only the enhancement of the visible-light
activity of BiOBr, but also the reduction of the electron-hole recombi-
nation. However, this material showed a low efficiency for NO removal
(32.7 %). Liu et al. [42] prepared BiOBr/Bi;3017Brs systems employing
different ratios of ethylene glycol (EG) and H50. Thus, the system ob-
tained with the ratio of EG and H0 of 0.8 displayed the highest charge-
separation efficiency and the lowest interfacial charge-transfer resis-
tance, reaching a superior photocatalytic NO removal efficiency of
57.3 %. A similar photocatalytic performance of 57 % was observed for
the BiOBr/BiOI heterojunction due to its ultrathin structure which
generates oxygen vacancies enabling NO3 adsorption and, thus,
changing the photocatalytic mechanism [43].

In this work, we report a simple method to prepare a new nano-
layered heterostructure based on NiTi-LDH/BiOBr as a highly enhanced
photocatalyst for air remediation. NiTi-CO3 layered double hydroxide
(NiTi-LDH) was prepared with a 3:1 metal ratio of Ni®*/Ti**, following
the previously reported Aqueous Miscible Organic Solvent Treatment
(AMOST) synthesis method [28], assuring the synthesis of a 2D-LDH
system with a very high specific surface area. The NiTi/BiOBr compos-
ites were prepared via the chemical precipitation method using the
previously obtained LDH. The physicochemical properties and the
photocatalytic performance of the samples were investigated using
multiple characterization techniques. Thanks to the intimate contact of
both materials, a good electronic structure with a suitable band location
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for redox reactions was obtained, favoring light absorption of different
wavelengths, and creating new pathways for charge carriers that allow
an efficient separation of electron-hole (e'/h™) pairs. As a result, the
obtained 2D/2D system displays outstanding photocatalytic efficiency
under visible light in comparison to the single NiTi-LDH and BiOBr
systems. The appealing DeNOy performance of the obtained materials
opens the door to explore LDH based 2D/2D heterostructures as new
materials for visible light photocatalytic processes.

2. Materials and methods
2.1. Materials

The chemicals used in the synthesis of the samples were: NiCly-6H50
(Sigma Aldrich, 98%), titanium isopropoxide, Ti(OiPr)4 (Sigma-Aldrich,
97%), NapCO3-10H20 (PanReac AppliChem), Bi(NOs)3-5H2O (Alfa
Aesar) and KBr (Acros Organics), NaOH (Scharlau), ethanol (PanReac
AppliChem, 99.5%) and ethylene glycol anhydrous (Glentham Life
Sicences, 99.8%).

2.2. Preparation of photocatalysts

2.2.1. Synthesis of NiTi-LDH and BiOBr

NigTi-CO3 LDH (NiTi-LDH) was prepared by the co-precipitation
method and modified after the aging stage by the AMOST procedure
[28] detailed in Supplementary Information (SI).

BiOBr was synthesized in an aqueous solution of ethylene glycol.
Firstly, 6 mmol of Bi(NO3)3-5H50 was added to 44 mL of ethylene glycol
under magnetic stirring until complete dissolution at room temperature.
Then, 6 mmol of KBr was dissolved in 44 mL of deionized water and the
solution was added dropwise to the bismuth solution. After that, the
mixture was magnetically stirred for 3.5 h at room temperature. Finally,
the product obtained was filtered and washed with deionized water and
ethanol, followed by drying in an oven at 60 °C for 2 h.

2.2.2. Preparation of NiTi/BiOBr composites

The synthesis of NiTi/BiOBr composites was carried out in a two-step
process with different NiTi-LDH to BiOBr molar ratio: 0.15, 0.6 and 1.2.
Firstly, different amounts of the NiTi-LDH sample (0.125, 0.25 and 0.5
g) were dispersed in 25 mL of ethanol to segregate the LDH nano-layers.
In a different vessel, 2 mmol of Bi(NO3)3-5H20 was dissolved in 25 mL of
ethylene glycol and the solution was mixed with the corresponding LDH
dispersion. The pH of these mixtures was adjusted to 8.0 using NaOH
0.5 M. Subsequently, a solution of 2 mmol of KBr in 25 mL of decar-
bonated water was added dropwise. The apparition of a colorless pre-
cipitate was observed, and the reaction was stirred-continuously for 3.5
h at room temperature. Finally, the composite NiTi/BiOBr was filtered,
washed with water and ethanol, and dried at 60 °C for 2 h. The obtained
samples were labelled NiTi/BiOBr-x, x being the NiTi-LDH to BiOBr
ratio.

2.3. Characterization techniques

The crystalline structure was characterized by X-ray diffraction
(XRD) on a Bruker D8 Discover X-ray diffractometer using a mono-
chromatic Cu-Ka radiation (A = 1.5406 [o\). Fourier Transform Infrared
(FT-IR) spectrum analyses were performed in the 450-4000 cm ™" region
with a PerkinElmer Spectrum Two spectrophotometer in Attenuated
Total Reflectance (ATR) mode. Transmission electron microscopy (TEM)
morphological images were taken on a Jeol JEM-1400 microscope
(accelerating voltage = 200 kV). X-ray photoelectron spectroscopy
(XPS) was carried out with a Versaprobe II equipment from PHI pro-
vided with a focused monochromatic X-ray source (Al-Ka 1486.6 eV).
The X-ray and ultraviolet photoelectron spectrometer (XPS, UPS) was a
Thermo Scientific Multilab 2000 fitted with a dual anode (MgKa, AlKa)
X-ray source.
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Pore microstructure and textural properties were analyzed on a
Micromeritics ASAP 2020 instrument. The samples were degassed under
vacuum overnight at 90 °C before the analysis and measured at 77.4 K
using nitrogen as the adsorbent. Specific surface areas were calculated
using the Brunauer-Emmett-Teller (BET) multipoint method from the Ny
adsorption and desorption isotherms and pore size distributions were
calculated using the density functional theory (DFT) method applied to
the adsorption branch of the isotherms. Diffuse reflectance ultra-
violet-visible (DRUV-Vis) spectra were collected from 200 to 800 nm
employing a Cary 5000 UV-Vis-NIR spectrophotometer (scan rate =
300 nm-min’l; step = 0.5 nm).

Room-temperature wide-NMR line solid-state */#°Ti MAS NMR
spectra were acquired on a Bruker Avance III/HD spectrometer with an
applied field of 9.4 T and using a 4 mm MAS probe spinning at 10 KHz.
'H MAS NMR spectra were also recorded on a Bruker Avance III/HD
spectrometer but using a 2.5 mm double resonance probe at MAS rates of
10, 15, 20, 25, 30 and 35 KHz.

The electrochemical measurements were recorded with a potentio-
stat/galvanostat Autolab PGSTAT302. Electrochemical impedance
spectroscopy (EIS) was carried out with an AC signal of 10 mV amplitude
in the frequency range between 10 mHz and 100 kHz in potentiostatic
conditions.

Additional information about the characterization techniques is
available in SI.

2.4. Photocatalytic activity evaluation

Photocatalytic DeNOy experiments were carried out in a continuous
flow photoreactor with a quartz window containing a 50 x 50 mm
quartz sample holder with 250 mg of the powdered sample. The pho-
toreactor was placed inside a light sealed irradiation box (Solarbox
3000e RH) equipped with a Xe lamp with controlled irradiance. Artifi-
cial sunlight (25 and 500 W-m~2 for UV and visible irradiances,
respectively) was used as irradiation. For visible light experiments, a
LED lamp (420 nm; 510 W/m?) was used. The photocatalytic activity
was studied simulating urban atmosphere conditions of pollutant con-
centrations, relative humidity and irradiation intensity. To acquire these
conditions zero air and NO gas (NO concentration = 150 ppb; air
balanced) was mixed and continuously pumped to the photoreactor
(flow rate gas = 0.37 L-min~Y). The relative humidity was controlled to
45 + 5% by passing the air flow through a gas-washing bottle filled with
demineralised water. Adsorption — desorption equilibrium among
photocatalysts was achieved after passing the air/NO flow in the dark
for 10 min, before the irradiation period (60 min) started. The gases
from the photoreactor circulated to a chemiluminescent analyzer
(Environnement AC 32 M) where the concentration of NO, NO, and NOy
was measured. The photocatalytic performance was estimated accord-
ing to the following DeNOx indexes: Exo, Eno2, Enox and S (described in
SI).

Solid-state emission spectra were carried out on a Perkin-Elmer LS 55
fluorescence spectrometer with a Xe lamp at 350 nm excitation wave-
length. The data were collected at every 0.5 nm. Slit widths for excita-
tion and emission were 10 nm. Electron paramagnetic resonance (EPR)
spectra were recorded on an EMXmicro spectrometer (Bruker) at room
temperature. In-situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) measurements were performed with a FTIR
spectrometer (Perkin Elmer Frontier) (see SI).

3. Results and discussion
3.1. Composition and structural characterization

Fig. 1a shows the X-ray diffraction (XRD) patterns for the raw ma-
terials and heterostructures. In both raw materials, the peaks identified

were those characteristics of BiOBr and NiTi-LDH. To obtain a 2D/2D
heterojunction it was previously necessary to delaminate the NiTi-LDH
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Fig. 1. (a) XRD patterns and (b) FT-IR spectra for the NiTi-LDH, BiOBr and
NiTi/BiOBr samples.

sample by using the AMOST process. The characteristic reflections ex-
pected for a NiTi-LDH using this procedure were observed [12,28]. The
reflections for the (0 0 3) and (0 0 6) basal planes were located at 26 ~
10.9° and 22°, respectively, and those corresponding to (0 1 2), (0 1 5)
and (1 1 0) planes were also observed. The low crystallinity of NiTi-LDH
is due to its 2D character [12]. During the AMOST procedure the LDH is
delaminated and the layer stacking is decreased, resulting in broad and
low-intensity basal XRD reflections [44]. On the other hand, the most
intense diffraction peaks of BiOBr sample appear at 20 = 10.9°, 25.3°,
31.9°, 32.3°, 39.4°, 46.2° and 57.2°, which are associated with the (001,
101,102,110, 103, 200 and 212) planes of tetragonal BiOBr (JCPDS No.
00-009-0393), respectively.

The XRD patterns corresponding to the composites show the main
reflections of BiOBr (110, 102, 110, 200 and 212 planes) and NiTi-LDH
phases (003 and 012 planes) indicating that a proper heterostructure was
formed. The reflection corresponding to compounds different from the
pristine phases was not observed. As the amount of NiTi-LDH is
increased the crystallinity of the composite decreases. Particularly, the
crystal growth of the BiOBr phase seems to be affected by the presence of
LDH, as inferred from the shape of their corresponding XRD peaks
indicating a lower crystallinity. It is important to note that LDH also
seems to favor the growth of BiOBr on the (1 1 0) direction, as can be
seen in the XRD of the NiTi/BiOBr composites for the significant
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increase of the intensity ratio of (1 1 0)/(1 0 2) peaks in comparison to
the single BiOBr. This could help to enhance the photocatalytic perfor-
mance of the composites. In this regard, Montoya-Zamora et al
demonstrated that the BiOBr sample with (1 1 0) exposed facets
exhibited a better photocatalytic activity in the DeNOy reaction [45]. On
the other hand, from the energy dispersive X-ray elemental analysis
(EDX) analysis (Fig. S1), the Ni/Ti = 3.0; Bi/Br = 1.0 and Ti/Br = 0.15,
0.6 and 1.2 atomic ratios were found for the samples NiTi/BiOBr-0.15,
NiTi/BiOBr-0.6 and NiTi/BiOBr-1.2, respectively. Additionally, the
EDX images corresponding to a mapping of the Bi, Br, Ni and Ti elements
reveal that they are fully dispersed in the sample, which is indicative of a
high degree of homogeneity in the heterojunction (Fig. S1). In the same
way, the EDX analysis on HRTEM images confirms the good intercon-
nection between the NiTi-LDH and BiOBr systems in the NiTi/BiOBr
composites (Fig. S2).

The FT-IR spectra of studied samples are shown in Fig. 1b. The
spectrum for NiTi-LDH shows two bands around 3300 and 1633 cm ™2,
corresponding to O-H stretching vibrations and the H-O-H bending vi-
bration of the interlayer water molecule, respectively. The bands at
1470 and 1365 cm™! can be assigned to the carbonate located in the
interlayer space while those appearing at 2978, 1090 and 1050 cm ! are
associated to traces of the ethanol molecules used in the AMOST
delamination process which remain in the LDH structure [28]. The
intense bands appearing at frequencies lower than 900 cm ™! correspond
to the M-O and HO-M-OH vibrational bending modes [27]. Analyzing
the BiOBr spectrum, the peaks between 1000 and 1500 cm ™! could be
assigned to Bi-Br bonds. Specifically, the peaks at 1050 and 1453 cm !
should be assigned to the symmetric and asymmetric stretching vibra-
tion modes of Bi-Br in the BiOBr structure, respectively. The peaks at 880
and 798 cm™! were assigned to the Bi-O bond symmetric stretching vi-
bration [46]. Again, the bands at 3300 and 1610 cm ™! were attributed to
the presence of water molecules. For the NiTi/BiOBr composites, the
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spectra show the main peaks corresponding to both NiTi-LDH and BiOBr
structures, increasing the intensity of those for LDH from the NiTi/
BiOBr-0.15 to the NiTi/BiOBr-1.2 sample.

X-ray photoelectron spectroscopy (XPS) was used to analyse the
oxidation states of Bi, Br, Ti and Ni on the surface of the NiTi-LDH, BiOBr
and NiTi/BiOBr samples. The main peak at 284.8 eV for the C 1s signal
was used to correct the spectra caused by charge effects. Fig. S3a shows
the broad peak for the O 1s signal observed in the 528 — 534 eV region,
because of different contributions: lattice oxygen in oxides, hydroxyl
groups, carbonate, and adsorbed water. The O 1s peak for BiOBr can be
deconvoluted in three peaks at 530.0, 531.0 and 532.5 eV (Figure S4),
which have been reported as corresponding to lattice oxygen, atoms in
the vicinity of oxygen vacancies, and chemisorbed water [47]. As pre-
viously reported by our group, the NiTi O 1s can be also deconvoluted in
three peaks at 529.5, 531.1 and 532.5 eV [28], which have been
assigned to lattice oxygen in metal oxides (M-O-M), hydroxyl groups (M-
O-H) and adsorbed water (H-O-H). For the composites, by increasing the
amount of NiTi-LDH the peak is broadened to higher binding energy
values, characteristic of the presence of hydroxyl groups and water
molecules in LDH [28]. For the BiOBr sample, the single signal for Br 3d
appears at 69.0 eV (Fig. S3b) while the corresponding doublet for Bi 4f is
located at 164.5 and 159.1 eV (Fig. S3c), values characteristic of this
oxyhalide [48]. Interestingly, the slight changes in the position and
shape of both signals observed in the NiTi/BiOBr samples suggest the
existence of chemical interactions between NiTi-LDH and BiOBr. In a
detailed analysis, both Bi 4fs /5 and Bi 4f;,, peaks can be deconvoluted
into two signals with an FWHM of 1.50 eV and a binding energy dif-
ference of about 1 eV, Fig. 2. The deconvolution peak for Bi 4fs 2 with its
center at 158.8 eV would correspond to Bi>* valence state, and the peak
at 160.1 eV to Bi3+, (Fig. 2a). The formation of the low valence state (3-
x) in pure BiOBr has been described as a consequence of sub-
stoichiometric forms of Bi at the outer side of the particles, and the
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Fig. 2. XPS spectra, Bi 4f region, obtained from the surface of the BiOBr and NiTi/BiOBr samples.
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Fig. 3. “7/#°Ti MAS NMR spectra of the NiTi-LDH and NiTi/BiOBr-0.6 samples.

formation of the low oxidation state resulted in the oxygen vacancy on
the crystal surface [49,50]. An evolution in the area ratio of both peaks
was observed for NiTi/BiOBr samples (Fig. 2b-d), the percentage of Bi>*
increasing with the presence of NiTi-LDH and obtaining a maximum
Bi®" peak for BiOBr/NiTi-0.6 sample (Fig. S5). The increased presence of
Bi®* must be related to the formation of an effective electronic hetero-
junction. Thus, we could suppose that LDH metals remove electron
density from the O-Bi bond, as later demonstrated by electrochemical
experiments. In the case of NiTi-LDH, the binding energy for Ni 2ps/»
(855.4 eV; Fig. S6a) corresponds to hydroxide [28] while the recorded Ti
2p photoelectron peak positions (Fig. S6b; Ti 2p3,5 = 458.1 eV; Ti 2p; /2
= 463.7 eV) are the contributions expected from Ti*" ions in octahedral
coordination [51]. No significant changes seemed to occur in either of
the signals in NiTi/BiOBr samples (Fig. S6c and S6d). For these com-
posites, as BiOBr grew over NiTi-LDH, weaker Ni and Ti signals were
registered. In addition, the Ti 2p;,y signal overlaps with the more
intense signal for Bi 4d. Both items precluded the accurate analysis of
possible changes in the Ni 2p and Ti 2p signals in composites.

In order to obtain further information about the structure of the as-
prepared 2D-LDH systems, solid-state 4”/4°Ti and 'H NMR spectra of
NiTi-LDH and NiTi/BiOBr-0.6 were recorded. To the best of our
knowledge, there are no reports on solid-state NMR of NiTi-LDH sys-
tems. As can be observed in Fig. 3, both spectra display broadened sig-
nals with overlapping resonances for 47Ti and *°Ti due to quadrupolar
effects [52]. For example, Bastow et al [53] studied the binary NiTi
intermetallic compound by #”/4°Ti solid-state NMR and observed a
broad Ti resonance at 2707 ppm which was attributed to both *’Ti and
“49Ti signals. Padro et al. [54] reported a wide 47/*°Ti SSNMR study of
ternary and quaternary titanates with different Ti local environments
(TiOy4, TiOs, and TiOg), revealing that the chemical shift ranges of these
titanium units overlap in some regions. In the *’/4°Ti MAS NMR spectra
of NiTi-LDH and NiTi/BiOBr-0.6, similar titanium resonances are
observed with a reduction in the intensity of the signals when BiOBr is
incorporated on NiTi-LDH. Also, a slight shift to more negative values
(>150 ppm) was detected in the spectrum of the NiTi/BiOBr-0.6 sample
as compared to the spectrum of NiTi-LDH. This could be due to the ti-
tanium species possibly being affected by the growth of BiOBr on NiTi-
LDH, revealing an increase in electron density of Ti atoms in the NiTi/
BiOBr-0.6 composite and confirming the formation of the hetero-
junction. In the case of 'H MAS NMR spectra of NiTi-LDH and NiTi/
BiOBr-0.6 samples (Fig. S7), a broad signal was observed at a low
spinning speed (10 kHz) due to 'H homonuclear dipolar coupling which
is caused by the presence of water and hydroxyl groups from NiTi-LDH
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[55]. Thus, when the spinning speed was increased, a better resolution
of 'H resonances was achieved in both samples. In the spectrum of NiTi/
BiOBr-0.6, recorded at the highest spinning speed (Fig. 4), the 'H res-
onances appeared significantly shifted to downfield in comparison to
those observed in the spectrum of NiTi-LDH, suggesting that the incor-
poration of BiOBr leads to an increase of the acidity of the hydroxyl
groups of NiTi-LDH, which is consistent with the results seen in *7/4°Ti
MAS NMR.

Cyclic voltammetry is a useful technique to obtain qualitative in-
formation about the electrochemical processes that occur in the mate-
rial. In this study, the CV analysis has been performed for pristine BiOBr
and NiTi-LDH samples and the composite NiTi/BiOBr-0.6. The electro-
chemical response of BiOBr recorded in cyclic voltammetry is shown in
Fig. 5a, in the potential range from 1.0 to —2.0 V and at different scan
rates. After a few cycles of stabilization, one reduction peak was
observed at —1.6 V. The oxidation scan showed a weak peak associated
at 0.50 V (inset of Fig. 5a). This behavior is comparable to that observed
for other bismuth-based materials such as Bi;O3 [56], BisWOg [571, and
BiPO,4 [58] using a KOH solution as an electrolyte. As previously pub-
lished, the cathodic peak is due to the reduction of Bi(III) to Bi metal and
the anodic one to the oxidation of Bi metal to Bi(IIl), the mechanism of
reduction being composed of several steps and implying partial disso-
lution of the solid bismuth material to BiO3 ions before electrochemical
reduction. The small oxidation peak is due to the location of the bismuth
metal near the Bi(0)/solution interface [59]. Additionally, the electro-
chemical response of NiTi-LDH was recorded under similar experimental
conditions (Fig. 5b). The cycle between 0.3 and 0.6 V corresponds to the
pseudo-reversible oxidation of Ni(II) sites in LDH lattice (Ni**—LDH +
OH™ clectrolyte = (Ni3% Ni$T(OH)-LDH + xe’) as previously observed for
NiAl-LDH [60]. On the reverse scan, towards negative potential values, a
new process was observed between —1.0 and —0.76 V due to the
reduction of Ti(IV) sites (Ti*' ~LDH + K" clectrolyte + X&' (Ti{'Tiz " (K)-
LDH). Previous studies have demonstrated that the contribution of metal
active sites on the external surface of LDH containing 3d metal cations
ranges from 1.4 % to 10 % of the total charge involved [61], that is, the
metal sites located inside the pores are those which govern the elec-
trochemical process. The theoretical model developed by some authors
[62-64], establishes that the electrochemical process of a solid com-
pound immobilized on an electrode surface was characterized by mixed
ionic/electronic conductivity and the uptake or expulsion of electrons
and electrolyte ions taking place at the three-phase junction; where
electrode, solid and electrolyte solution meet. Similarly, charge trans-
portation occurs through the LDH layers via electron bouncing between
localized metal cations and electrolyte ions across the pores and

1.1
—— NiTi-LDH
3
o | 35 KHz
P
‘®
C
© [— NiTi/BiOBr-0.6 :
£ 3.9 | 1.00.7
35 KHz
7 6 5

S/ ppm

Fig. 4. 'H MAS NMR spectra of the NiTi-LDH and NiTi/BiOBr-0.6 samples
acquired at a high spinning speed (35 KHz).
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Fig. 5. Cyclic voltammograms obtained for CPE of the (a) pristine BiOBr, (b) NiTi-LDH and (c) NiTi/BiOBr-0.6 samples immersed in aqueous 0.2 M KOH with a
reversal potential Vf = -2 V (scan rate 100 mV/s) vs Ag/AgCl(s) KCI (3.0 M) as the reference electrode.

channels of the material to preserve the electroneutrality of the LDH
structure, so the electrochemical reaction is governed by a diffusional
process of the electrolyte ions (I, increases linearly with v'/2). In addi-
tion, Fig. 5¢c shows the CV plot recorded for the composite NiTi/BiOBr-
0.6. The first observation was that the cyclic voltammogram is mainly
attributed to the BiOBr phase, and that the synthetic procedure seems to
guarantee the growth of the bismuth-based phase on the NiTi-LDH. On
the other hand, in comparison to the pristine NiTi-LDH, the current peak
intensity measured is so high for the composite material that the over-
lapping of electrochemical peaks of NiTi-LDH by these new ones cannot
be discarded. By assuming that the CV signals are mainly due to the
BiOBr phase, some important differences in comparison to pristine
BiOBr are also observed as a significant increase in the anodic current
peak intensity; thus, the ratio Iox/I;q for the BiOBr phase in the NiTi/
BiOBr-0.6 sample is much higher than that observed for pristine

BiOBr. Furthermore, the difference between anodic and cathodic peak
potentials (AE;) decreases which suggests a faster electron transfer rate.
Hence, the presence of NiTi-LDH in the composite has a significant effect
on reducing the charge transfer resistance and enhancing the revers-
ibility of the electrochemical process. Additionally, the anodic and
cathodic peaks with higher current intensity values (Fig. 5c), are situ-
ated at lower potentials; the anodic peak associated with the oxidation
of Bi metal located near the Bi(0)/solution interface appears at 0.05 V;
upon reversal scan two reduction peaks are observed at —1.47 and
—1.23 V. These new peaks at higher potential values (less negative) are
probably due to the formation of different structural bismuth active
species with higher Lewis acid properties, that is, metal centers with
higher electron deficiency and hence more easily reduced. The improved
electrochemical characteristics can be tentatively attributed to the
synergistic effects between Bi(III) and Ni(I)/Ti(IV), by affecting both
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200 nm

Fig. 6. HRTEM images of the (a) NiTi-LDH, (b) BiOBr and (c) NiTi/BiOBr-
1.2 samples.

the electric conductivity of the materials and the chemical properties of
the active centers. Miao et al. [65] have observed that the adsorption of
an ultrathin layer of bismuth(Il) on a platinum electrode greatly
increased the electrocatalytic activity of Bi metal/Pt electrode. Ac-
cording to the authors, Bi(0) or Bi(IIl) species tend to adsorb more of the
OH group which is shared by the below adjacent platinum atom to form
structures, such as Bi-OH...Pt, highly electroactive in glucose electro-
catalytic oxidation. The Pt-O surface is entirely blocked by Bi(OH)3 and/
or BiOOH structures, which are highly active in catalysis due to the
synergistic action between Bi(OH)3/BiOOH and the below Pt-O. In
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addition, bismuth blocks the active sites of the platinum avoiding the
adsorption of poisoning species. Similarly, the growth of BiOBr on NiTi-
LDH may cover the surface of LDH, as well as Bi(III)-O-Ti and Bi(III)-O-
Ni structures are formed the electronic density of metallic Bi(III) centers
decrease as supported by XPS results and CV measurements (Figs. 5 and
2), and hence an increase of its Lewis acid properties which may greatly
enhance its adsorptive properties towards NO molecules. In this sense,
the formation of the Bi(II[)-O-Ti may increase the electron density of Ti
atoms which is in accordance with the results obtained by NMR studies.

To better understand the changes in conductivity occurring during
the electrochemical process, electrochemical impedance spectroscopy
(EIS) measurements were collected by using a constant-phase element
(CPE) from 100 kHz to 0.1 Hz with an amplitude of 10 mV (Fig. S8). The
impedance at high and medium frequencies (semicircle) corresponds to
the charge-transfer resistance at the interface. The impedance at low
frequency (the straight sloping line) is also called Warburg impedance
and it is attributed to the Nernst electrolyte diffusion. The inset in Fig. S8
shows an extended view of the Nyquist plots of all photocatalysts, which
adopted Randles equivalent circuit as a fitting circuit. According to this,
the charge transfer resistance (R.y) is parallel with the CPE [66]. The
values of R, which were deduced from this plot, are 12.5 Q, 13.4 Q,
12.9 Q, 11.5 Q and 12 Q for the NiTi-LDH, BiOBr, NiTi/BiOBr-0.15,
NiTi/BiOBr-0.6 and NiTi/BiOBr-1.2 samples, respectively. These re-
sults reveal a better electronic conduction in the NiTi/BiOBr-0.6 heter-
ojunction. Also, a lower arc radius of the Nyquist semicircle plot and a
smaller slope of the straight line shown by this sample reveal a lower
interfacial layer resistance. This suggests that the NiTi/BiOBr-0.6 het-
erojunction can effectively promote the photogenerated charge carriers
transportation and separation efficiency, which indicates a faster
interfacial charge transfer ability of the composite in accordance with
the results obtained by CV [67].

3.2. Morphology, textural and optical properties

The bidimensional morphology of the samples was observed by
HRTEM microscopy, Fig. 6. Both samples exhibit a high ratio of lateral
size to thickness confirming their 2D nature [68]. NiTi-LDH appear as
2D corrugated nanosheets constituting flower-type particles (Fig. 6a),
the characteristic morphology of LDH systems obtained by the AMOST
procedure [28,69]. The thickness of the nanosheets is around 1.2 — 2.1
nm indicating that they are constituted by a few LDH monolayers
(Fig. S9a). For BiOBr, porous rectangular nanoplates of 100 — 250 nm in
size were observed, with the thickness for each nanoplate in the 13-27
nm range (Figs. 6b and S9b). The NiTi/BiOBr composites form 2D/2D
heterostructures on which BiOBr nanoplates grew over NiTi-LDH
(Fig. 6¢). During the synthesis of heterostructure the LDH nanosheets
seem to aggregate in bundles (4 — 8 nm thickness; Fig. S9¢). As inferred
for XRD patterns, the growth of the BiOBr material was influenced by the
presence of LDH, and smaller nanoplates appear as rounded particles (20
— 40 nm in size; Fig. S9d).

The nitrogen adsorption-desorption isotherms show the porosity of a
sample and help us to know about the availability of the active sites of
the photocatalyst towards the reactant molecules. The corresponding
tests were carried out to determine the specific surface area and pore
structure of the NiTi-LDH, BiOBr, and NiTi/BiOBr samples, Fig. 7. The
isotherm of the NiTi-LDH sample corresponds to a type IV isotherm with
a hysteresis cycle of type H3 indicative of a uniform mesoporous
structure (Fig. 7a). The observed isotherm is characteristic of slit-shaped
pores, those accounted from the nanosheets aggregates as observed in
HRTEM images. For BiOBr a type II isotherm is found (Fig. 7b) and the
uniform arrangement of nanoplates in agglomerates leads to the appa-
rition of a very small H1 hysteresis. For the NiTi/BiOBr composites, as
the amount of BiOBr grows over the NiTi-LDH, a transition in the
isotherm behavior is observed. The shape of the isotherms changes from
a type II to a type IV with an H3 hysteresis cycle becoming more defined
as the amount of LDH increases. Concerning the pore volume
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Fig. 7. (a-c) N5 adsorption—desorption isotherms and (d) BET surface area and pore volume for the NiTi-LDH, BiOBr and NiTi/BiOBr samples.

distribution (Fig. S10), the presence of mesopores is dominant for the
NiTi-LDH sample, typical for delaminated LDHs [28], while macropores
occur in the case of BiOBr. The pore size distribution for composites
covers both mesoporous and microporous regimes, however the shape
differs from those observed for the pristine samples. This indicates that
an effective growth of BiOBr nanoparticles accounts for the LDH support
conforming a new pore microstructure available to the gaseous reactant
molecules.

Subsequently, the specific surface area and pore volume values were
estimated for each sample (Fig. 7d). Because of the high delamination of
the LDH structure and the favorable dispersion of the nanosheets, the
NiTi-LDH exhibits a very large specific surface area value (416 m2~g_1).
However, the aggregation of the large nanoplates of BiOBr leads to a low
value observed for BiOBr (24 mz-g’l). The composites exhibit inter-
mediate values which increase with the amount of LDH: 68, 108 and
176 m2.g~?! for the NiTi/BiOBr-0.15, NiTi/BiOBr-0.6 and NiTi/BiOBr-
1.2 samples, respectively. A similar tendency is observed for the pore
volume values.

Information about the optical properties of the samples studied was
inferred from the diffuse reflectance UV-Vis absorption spectra, Fig. 8a.
The NiTi-LDH sample shows an intense adsorption band in the 250 to
400 nm region, associated to ligand-to-metal charge transfer in the
octahedral environment (0% —Ti*") [70], with a tail in the visible light
region (<500 nm). In addition, the absorbance in the visible region was
reinforced by the apparition of a doublet at 675 and 750 nm charac-
teristic of d — d transitions for the Ni(II) ions [71]. BiOBr displays a more
limited range of visible light absorption with an absorption edge around
430 nm. The NiTi/BiOBr composites exhibit photo-absorption at
wavelengths higher than 400 nm and in the 600-800 nm range implying
the possibility of photocatalytic activity under visible light illumination.
Band gap values were calculated by plotting the transformed Kubelka-
Munk function versus the photon energy, Fig. 8b. Values of 2.50, 2.76,
2.81, 2.87 and 2.54 eV were obtained for the NiTi-LDH, BiOBr, NiTi/
BiOBr-0.15, NiTi/BiOBr-0.6 and NiTi/BiOBr-1.2 samples, respectively.
Heterojunction formation indicated a shift to higher energy values

compared to that of NiTi-LDH.
3.3. Photocatalytic behavior in the DeNO, process

Photocatalytic DeNOy tests were performed with the aim of knowing
the ability of the samples for air purification purposes. Fig. 9a shows the
concentration values of the NO reactant gas flowing in the reaction
chamber (150 ppb inlet concentration) at different periods of both dark
and light irradiation. In the dark period (first 10 min) the inlet gas
concentration remains constant, therefore no physical or chemical
interaction seems to occur between the NO gas molecules and the
samples or the reactor. Afterward, the reaction chamber was irradiated
with UV-Vis light (one hour) and a sudden decay of the concentration
values was observed, significant due to the existence of a light induced
process. As reported before [5], photons with the appropriate energy
promote the transfer of electrons (e7) in the semiconductor — NiTi-LDH
or BiOBr — from the valence band (VB) to the conduction band (CB) with
the creation of holes (h™) in the VB. Once the pair of charges (e/h™h)
reaches the surface of the photocatalyst, it reacts with water and oxygen
adsorbed molecules and produce reactive oxygen radical species (ROS:
-OH, 0O3). The ROS species are responsible for the oxidation of nitrogen
oxide gases which through a complex process are transformed into ni-
trite and nitrate species [5], thus being removed from air. A steady state
of NO elimination was reached for all the samples in the first minutes of
light irradiation. At the end of the light irradiation period, outstanding
removal efficiency values of Exo = 69 % and Exo = 77 % were estimated
for the NiTi-LDH and BiOBr samples, respectively. Impressively, through
the formation of NiTi/BiOBr heterojunctions, complete NO removal is
reached by NiTi/BiOBr-0.15 and NiTi/BiOBr-0.6 samples, the NiTi/
BiOBr-1.2 sample showing a value of Eyo = 93 %. The observed
DeNOy performance is not correlated with the specific surface area
values measured for each sample, indicating that electronic processes
play a key role in the photochemical activity. By way of example, the
stability of the NiTi/BiOBr-0.6 sample after the DeNOx test was
corroborated as no significant structural, chemical nor morphological
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Fig. 8. (a) UV-Vis absorption spectra and (b) Kubelka-Munk transformed
function plots for the NiTi-LDH, BiOBr, and NiTi/BiOBr samples.

changes were found (Fig. S11).

NOs is one of the intermediates originated during the photochemical
oxidation process of NO molecules [5]. It is worth mentioning that NO4
is highly more toxic than NO [72]; therefore, its release into the atmo-
sphere must be avoided. As expected for the LDHs photocatalysts
[25-28,73,74], Figure S12 shows a very low emission of NOy (~4 ppb;
Eno2 = 8 %) during the DeNOy test when using NiTi-LDH. On the con-
trary, values of 27 ppb of NO, are measured for BiOBr at the end of the
light illumination period (Enxo2 = 18 %), values decreasing for NiTi/
BiOBr composites as the amount of NiTi increases, confirming the good
role of NiTi-LDH in mitigating the NO, release. However, the NiTi/
BiOBr-0.15 sample exhibits the highest values of NOy concentration
during the illumination period (Enoz = 27 %). Apart from its poor
content in NiTi-LDH, this sample possesses the lowest volume of meso-
pores (Fig. S10), whose important role in the inhibition of NO; release
was previously reported [75]. In this sense, the DeNOy selectivity (S) —
defined as the amount of NO molecules removed from air as harmless
nitrite/nitrate species — reaches high values for samples with a high
NiTi-LDH content (Fig. S13a). Finally, the NiTi/BiOBr-0.6 sample
removes the highest amount of NOy gases (Enox = 83 %) due to its better
balance between NO removal and selectivity values. A similar tendency
of Eno and Eyog values was observed when the samples were used under
NO 500 ppb inlet concentration (Fig S14). It is worth noting that at this
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three times higher concentration of NO gas, the complete removal of NO
was maintained with the same amount of the NiTi/BiOBr-0.6 sample.

Similar DeNOy tests were carried out under Visible light illumination
(A = 420 nm), Fig. 9b. As observed for different transition metal LDHs
[25-27], the NO removal efficiency was lessened indicating a poorer
visible light activity of this photocatalyst. In a similar way, BiOBr and
NiTi/BiOBr-0.15 samples exhibited a decreased NO removal value.
However, NiTi/BiOBr-0.6 and NiTi/BiOBr-1.2 maintain the extraordi-
nary efficiency for the complete removal of nitrogen oxides (Exox =
83-84 %,; Fig. S13b), validating the importance of the heterojunction
formed which works mainly under visible light. The measured Eyno index
can be considered extraordinary as it clearly surpasses those measured
for recently reported DeNOy photocatalysts acting under visible light,
Table S1.

Finally, the DeNOy photocatalytic process was repeated on different
successive runs, Fig. 9c. The complete NO removal was maintained by
the NiTi/BiOBr-0.6 sample on each run and only a very slight decrease in
efficiency was observed for the 5th and 6th runs. The last accounts by
the accumulation of nitrites/nitrate species on the photocatalyst surface,
as later commented. Because of its high solubility, these species are
easily eliminated when the sample is washed with Milli-Q water after the
sixth run. In fact, NO was completely removed again in the following run
(7th), indicating the high efficiency and robustness of these
photocatalysts.

3.4. Photocatalytic mechanism

Photoluminescence, EPR and DRIFTS experiments assisted in eluci-
dating the photocatalytic mechanism. Fig. 10a shows the photo-
luminescence (PL) spectra for NiTi-LDH, under an optimized excitation
wavelength of 350 nm, along with a comparison to the corresponding
spectra to NiTi/BiOBr composites and the BiOBr sample. A doublet PL
peak was detected and localized at similar wavelengths in all samples in
the 450 — 500 nm range [76]. The NiTi-LDH exhibited the highest PL
intensity indicative of the large radiative recombination rate of the
electrons and holes in the semiconductor, a competitive pathway with
the reaction of the photogenerated charges with O, and H2O molecules
to form the ROS species. A decrease in the PL signal was observed for the
NiTi/BiOBr samples in comparison with the spectrum of NiTi-LDH
which should be associated with the existence of a new deactivation
pathway of the photocharges, thanks to the formation of an electronic
heterojunction, lessening the recombination of charge carriers. The in-
tensity of the PL signal is lowest for NiTi/BiOBr-0.6 sample indicating an
optimal ratio for the photocatalytic performance, as anticipated from
the XPS and electrochemistry characterization. These observations are
in concordance with the outstanding photocatalytic DeNOy response
observed for the NiTi/BiOBr samples (Fig. 9a and S13a).

EPR measurements were conducted to determine the reactive species
involved in the photochemical process. For aqueous solutions, the
quartet of peaks DMPO--OH adduct was only observed for the NiTi-LDH
sample after 10 min of light irradiation, but no signal was recorded for
BiOBr or NiTi/BiOBr samples (Fig. 10b). On the contrary, for methanolic
DMPO solutions, the characteristic sextet of peaks for the trapped -O3
radical was observed only for BiOBr or NiTi/BiOBr samples (Fig. 10c).
Interestingly, the intensity of the DMPO--O3 adduct signal increases for
the composites being the highest in the case of the NiTi/BiOBr-0.6
sample. Therefore, the superoxide radical plays a main role in the
photocatalytic process involving the NiTi/BiOBr composites. To confirm
the obtained results, scavenger experiments using p-benzoquinone (p-
BQ) and tert-butanol (t-BOH) to trap superoxide and hydroxyl radical
species, respectively, were carried out during De-NOx tests performed
with NiTi-LDH, BiOBr, and NiTi/BiOBr-0.6 samples, as shown in
Fig. S15. Again, the high production of superoxide radical is confirmed
for BiOBr and NiTi/BiOBr-0.6 photocatalysts, as the NO removal is fully
inhibited in the presence of p-BQ. On the other hand, NiTi-LDH shows
poor ability to produce ROS radicals. Based on these above findings,
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and DMPO spin-trapping EPR spectra in (b) aqueous solution (-OH detection)
and (c) methanol solution (-O3 detection) for the samples studied.
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owing to the effective electronic heterojunction formed at the interface
of NiTi/BiOBr composites, the e /h™ recombination was lessened. As a
result of a higher availability of charge carriers present on the surface of
NiTi/BiOBr, the production of superoxide radicals is favored boosting
the performance of these photocatalysts, as observed in DeNOy tests. On
the other hand, even though NiTi-LDH exhibits the highest specific
surface area, the obtained data confirm that the poor DeNOx ability
observed for this sample was associated with its faster e /h™ recombi-
nation and inability to produce superoxide radicals.

To obtain additional information about the photocatalytic mecha-
nism, the interaction between NO molecules and photocatalysts was
monitored in-situ using the DRIFTS technique. Previously, the samples
were subjected to a pre-treatment process and a background spectrum
was recorded. Subsequently, under dark conditions, NO and O3 flowed
through the reaction chamber and sequential spectra were obtained.
Fig. 11 shows the spectra obtained for the NiTi-LDH and NiTi/BiOBr-0.6
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Fig. 11. DRIFT spectra obtained while NO and O2 gases were flowing through
the (a) NiTi-LDH and (b) NiTi/BiOBr-0.6 samples in dark conditions and under
light illumination.

11

Chemical Engineering Journal 470 (2023) 144088

samples, once the background had been subtracted. As previously re-
ported by our research group[28], NO molecules were easily absorbed
on NiTi-LDH being disproportionate to NO~ (1108 cm ') and NO3
species, which ultimately are oxidized to nitrate species in the presence
of O,. In consequence, signals corresponding to nitrite (865, 896, 922,
1371 and 1463 em ™! [77-80] and nitrate (937, 961, 1006, 1057, 1493
and 1540 cm~! [79,81-83] species are observed for the NiTi-LDH
sample after 40 min in the dark (Fig. 11a). Afterwards, the sample
was irradiated for 60 min. Once light reached the surface of the catalyst,
the production of radicals began promoting the oxidation of NO mole-
cules. In consequence, during this period the signals of nitrite and nitrate
species increased in intensity and new signals corresponding to these
species were observed: 978 and 1036 cm™' for monodentate nitrate
[81]; 1144 and 1345 cm~! for bidentate nitrite [77,82]; 1514 and 1572
cm ! for bidentate nitrate [80]. The identification of N2O4 (1401 cm’l),
as the dimer of NO, is in line with the high DeNOy selectivity of LDH
compounds [28].

A similar DRIFTS monitorization was done for the NiTi/BiOBr-0.6
composite. The spectra obtained in the dark period exhibited a similar
signature to that of the NiTi-LDH sample. However, during the illumi-
nation period, the intensity of the signals was impressively boosted. This
means that this photocatalyst exhibits a high ability to produce nitrite
(854, 870, 928, 1126, 1416 and 1440 em~! [28,77,78] and nitrate
species (992, 1019, 1074, 1192, 1284 and 1556 em™? [28,77,82], in
other words, to perform the DeNOy photochemical process. Subse-
quently, the nitrate signals dominate the spectra, most of them as
bidentate or chelate species (marked with an asterisk). Thus, the NiTi/
BiOBr-0.6 photocatalyst promotes the complete NO oxidation to ni-
trates, which are finally stabilized by a bidentate linkage to the surface.
Therefore, the reaction mechanism observed by in-situ monitoring
confirms the extraordinary ability of the NiTi/BiOBr heterojunctions to
perform the NO photochemical oxidation process, in agreement with the
results observed from DeNOy tests (Fig. 9).

Finally, to gain understanding of the photocatalytic mechanism, the
Valence Band XPS spectra were acquired for the NiTi-LDH and BiOBr
samples (Fig. S16), the valence band (VB) edge being 2.52 and 2.76 eV
vs. NHE, respectively (Fig. 12a). Therefore, by considering the previ-
ously obtained band gap values (2.50 and 2.87 eV), the conduction band
(CB) edge was located at —0.02 eV for NiTi-LDH and —0.11 eV for BiOBr.
Meanwhile, the UPS spectrum of both samples allowed the Fermi level to
be located at 1.16 eV for NiTi-LDH and 1.46 eV for BiOBr (Fig. S16).
Once the redox pair values for the formation of hydroxyl and superoxide
radicals are known (Fig. 12), the positioning of the VB and CB edges
explains the ability of each sample to produce -OH or -O3 radicals under
light irradiation, which is in accordance with EPR measurements
(Fig. 10b and 10c). Thus, the position of the CB for BiOBr is needed to
form superoxide radicals. However, the energy of the VB edge in both
compounds is lower than 2.8 eV, thus preventing the formation of -OH
radicals. On the other hand, the ability of LDHs to form hydroxyl radi-
cals from structural OH™ (Eop.,.og = 1.99 eV) has been reported, which
explains the DMPO- -OH adduct signal observed for NiTi-LDH sample
(Fig. 10b). When NiTi/BiOBr composites are formed, an electronic
contact occurs between both phases matching the Fermi level. Now, the
CB and VB edges are shifted to lower values for the BiOBr, being located
at —0.41 and 2.46 eV vs. NHE, respectively (Fig. 12b). A type II elec-
tronic heterojunction is formed which favors the transfer of the charge
carriers generated under light irradiation. Electrons move from BiOBr
CB to NiTi-LDH CB and the holes move from NiTi-LDH VB to BiOBr VB.
Although this junction effect unfavorably affects the thermodynamics of
the involved redox processes, it delays the e/h* recombination (as
inferred from the PL measurements), thus increasing the photocatalytic
DeNOx efficiency of the NiTi/BiOBr photocatalysts (Fig. 9). In fact, the
formation of superoxide species is favored on the photocatalyst surface,
initiating the oxidation of NO molecules towards nitrite/nitrate species,
as monitored by the DRIFTS technique (Fig. 11). This photo-oxidative
DeNOy process involves several steps, which could be summarized in
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Fig. 12. Schematic energy band diagrams for the NiTi-LDH and BiOBr samples, (a) before and (b) after contact, with approximate energy levels with respect to the
normal hydrogen electrode (NHE) scale. CB and VB: conduction and valence band edges, respectively. c) Photo-oxidative DeNOx process mechanism.

Fig. 12c [28,84,85]. Additionally, the Mott-Schottky plot of BiOBr
sample was performed as a representative sample (Fig. S17). The mea-
surement was recorded at 1 kHz and 10 mV amplitude at potentials from
1 Vto —1 Vin NaySO4 0.2 M as an electrolyte and by using a calomel
electrode as a reference electrode. The flat band potential can be ob-
tained by extrapolation of the M—$ tangent line to 1/C2 = 0, being —0.5
V (vs. SCE) and —0.256 V in NHE scale for the BiOBr sample. Moreover,
the positive slope of the M—S plot confirms that BiOBr is an n-type
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semiconductor and considering that the CB potential is approximately
equals to the flat band potential, the CB value for BiOBr can be located at
—0.156 eV. Using the calculated band gap value of BiOBr (i.e. Eg = 2.87
eV), the location of the valence band (VB) can be calculated from Ecg =
Eyp — Eg, being 2.71 eV. Thus, the Ecg and Eyp values estimated from
Mott-Schottky measurements are in concordance with the results ob-
tained by XPS and UPS measurements.
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4. Conclusions

Novel 2D/2D NiTi/BiOBr heterojunctions were successfully pre-
pared by a simple precipitation method under mild conditions. An in-
depth study of the textural, optical, morphological and electro-
chemical properties of these composites confirmed the existence of
chemical interactions between NiTi-LDH and BiOBr, which could
contribute to the improvement of the optoelectronic properties of 2D/
2D heterojunctions. In addition, the incorporation of BiOBr into NiTi-
LDH has provided an increase in the electron density of Ti atoms in
the heterojunctions, which can greatly enhance their adsorptive prop-
erties towards NO molecules. The photocatalytic experiments under
visible light revealed that NiTi/BiOBr-0.6 and NiTi/BiOBr-1.2 hetero-
junctions exhibit a remarkable improvement in the visible light-
responsive photocatalytic removal of nitrogen oxides (Enox = 83-84
%), compared to single NiTi-LDH, BiOBr and other known photo-
catalysts. In particular, the NiTi/BiOBr-0.6 sample achieved the best
balance between NO removal and selectivity, with impressive robust-
ness, reaching high efficiency in repeated photocatalytic cycles.

Based on XPS studies, a type-II heterojunction has been proposed for
the hybrid composites before and after efficient contact. This configu-
ration leads to the production of -OH and -O3 radicals and delays the e’/
h" recombination increasing the photocatalytic efficiency. PL, EPR and
DRIFTS experiments support the effective electronic movement mech-
anism in the NiTi/BiOBr-0.6 sample, in which the transfer of charge
carriers and the formation of superoxide species are favored, being
essential for photocatalytic NOy abatement.
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