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Organic pollutants in water are a major concern for the environment and human health, and require
urgent attention. Here, we developed for the first time monolithic structures by 3D printing of perovskite
metal oxynitride, SINbO,N, for photocatalytic degradation of organic pollutant in water. Advanced,
synchrotron-based XRD-CT measurements were employed to gain structural insight into photocatalyst
formulation and assess the fidelity of design in terms of both the chemical and physical form of the
photocatalysts to be imaged. Our 3D printed material showed excellent photocatalytic activity,
degrading 100% of methylene blue (MB) as well as good stability for three cycle operations. This is due
to high adsorption of the 3D printed oxynitride towards MB which enhanced its photoredox reactivity. It
is also evident from the excellent charge transfer demonstrating a charge transfer rate of (1.5 + 0.2) x
108 s7. We performed Time-Dependent Density Functional Theory (TD-DFT) calculations to understand
the photocatalyst structure and degradation pathways. Our calculated band gap (at I') of 1.88 eV is
in good agreement with the experimental values. We found that the highest valence bands were
contributed by N p orbitals and the lowest conduction bands corresponded to Nb d orbitals offering
avenues for fine-tuning the band gap. Hence, the ability to tailor photocatalyst monoliths by 3D printing
renders their water treatment application more facile compared to their powder suspension

rsc.li/materials-advances counterparts.

1 Introduction

Metal oxynitrides with the general formula ABO,N (where
A =Sr, Ba, Ca; B =Nb, Ta) are promising materials that combine
the advantages of oxides and nitrides, leading to small band
gaps that make them suitable as visible light photocatalysts.
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The mechanism of photocatalytic degradation typically
involves the generation of electron-hole pairs by absorbing
photons from light, followed by the transfer of these charges to
the surface of the photocatalyst, where they can participate in
redox reactions. Perovskite oxynitrides have been shown to
have a wide band gap and can be excited by UV light, leading
to the generation of electron-hole pairs. Fig. 1 illustrates how
these charges, when reacting with water molecules, lead to the
production of reactive oxygen species (ROS), such as hydroxyl
radicals (*OH). The ROS have the ability to oxidize and degrade
organic compounds, including dyes." These photocatalytic
properties (including a visible light absorption band) make
perovskite oxynitrides (for example Sr, Nb and Ti based) pro-
mising materials for water splitting® and the degradation of
organic pollutants and biological contaminants in water’ >
including degradation of organic compounds such as acetone
(LaTi(O,N);),® methyl orange (CaTaO,N;’ CaNbO,N and
SrNbO,N)® and methylene blue,” among others."’

Previously we reported® seven tantalum and niobium oxy-
nitrides ABON, (where A = Ca, Sr, Ba; B = Nb or Ta) for self-
cleaning reactions using dichloroindophenol (in the presence
of a sacrificial electron donor) and stearic acid as test pollutants.
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Fig. 1 Generation of reactive oxygen species (ROS) and process of
photo-oxidation of an organic pollutant. Step (a) is absorption of a photon
to generate an excited electron—hole pair which can then migrate to the
surface of the photocatalyst particle, where (b) the electron can then
reduce atmospheric oxygen to the more labile superoxide radical. In step
(c) the superoxide radical and subsequent ROS can oxidise an organic
pollutant to CO,. The holes can form surface bound hydroxyl radicals
which can also directly oxidise organic molecules.!

Although all of the oxynitride samples showed the ability to
degrade the test pollutant, they did so poorly with at best 1.5% of
the dye being degraded after 3 hours. However, after decorating
the oxynitride with co-catalyst particles of cobalt oxide, a signifi-
cantly higher activity was observed. All of the oxynitrides were
active, with the most active being SINbO,N that degraded 25% of
the dye after 3 hours - a twenty fold increase compared to the
sample without the co-catalyst.

In recent years, there have been a number of examples of 3D
structured photocatalytic reactors using TiO, deposited on a
solid foam.'"* No examples of 3D printed oxynitride-based
photocatalysts have been reported to date, only a very limited
number of other photocatalyst compositions.***® The photo-
catalytic microreactors based on microfluidic technology that
use a catalyst dispersed in powder form, have been extensively
reported.”” However, it requires an additional step to separate
the catalyst from the products, thus leading to an increase in the
experimental cost and time. 3D printed photocatalytic structures
can resolve the challenges associated with the immobilisation of
the photocatalyst as well as its recovery and ease of product
separation. In addition, 3D printing allows complex shapes and
optimised geometries to be easily tailored, thereby facilitating
the flow patterns and efficient light management. One of the
major advantages of the orderly-structured micro-channel cata-
Iytic or adsorbent beds over randomly powder packed beds is an
increased mass transfer, reduced pressure drop and higher
selectivity per cubic metre of reactor volume, by their controlled
porosity and controlled product distribution."®*' Examples of
the development and characterisation of the 3D printed micro-
channel catalysts can be found in our previous work.”>>

This work describes the development, characterisation and
modelling of oxynitride STNbO,N material that was 3D printed
and employed for the photodegradation of a simulant pollutant
(methylene blue dye in aqueous solution) under simulated solar
light irradiation. For that, a printing ink containing StNbO,N was
first formulated followed by the deposition of stacked fibres using
direct ink writing (DIW) to form a monolithic photocatalyst.
This monolith was evaluated for its efficiency to generate reactive
oxygen species and to degrade pollutant (MB) in aqueous solution.
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It should be noted that relevant scientific literature suggest that
MB is a suitable standard to test the photocatalytic perfor-
mance of materials.?® The 3D printed monolith showed excel-
lent photocatalytic activity with 100% degradation of pollutant
within just 3.5 hours. The photophysical study shows excellent
charge transfer between the 3D printed perovskite (STNbO,N
oxynitride) structure and MB. The DFT calculations of photo-
catalytic structure and degradation pathways show good agree-
ment with experimental data.

2 Materials and methods
2.1 Synthesis of S'INbO,N powder

Perovskite metal oxynitride SrNbO,N was synthesised by
ammonolysis of its respective oxide precursor. The oxide pre-
cursor was synthesised via the polymeric precursor method
(PPM). For this, NbCl;5 (0.89 mmol, Sigma-Aldrich, 99%) was
dissolved in 6.5 mL of methanol. Then, SrCO; (0.89 mmol,
Sigma-Aldrich, 99.99%) was added and stirred until complete
dissolution. Finally, citric acid (19.86 mmol, Fisher) and pro-
pylene glycol (76.8 mmol, Sigma-Aldrich, 99.5%) were added to
the Sr-Nb-containing solution while keeping the ratio of metal :
citric acid : propylene glycol at 1:11:43.

The solution was then heated at 120 °C for 90 minutes to
allow the complete evaporation of the methanol, resulting in
formation of a transparent resin. The gel containing the metal
cations was placed into an alumina crucible and pre-calcined in
air for 1 h at 350 °C, followed by 1 h calcination at 650 °C and
finally 2 h at 800 °C at a constant heating rate of 10 °C min ™" at
each step. The heating cycle converted the gel into a white
metal oxide powder. The resultant oxide powder in the alumina
crucible was heated (3 °C min~ " ramp rate) and nitrided inside
a tube furnace under an ammonia flow (of 250 mL min "
anhydrous, BOC, 99.98%) for 15 h at 850 °C. The SrNbO,N
product was cooled down under flowing ammonia to avoid its
re-oxidation.

2.2 3D printing of SINbO,N powder

For the design of the photocatalyst monoliths, matrix-like struc-
tures were produced using a rapid prototyping/3D printing process
commonly referred to as Direct Ink Writing (DIW). The monolith
manufacturing steps are represented in Fig. 2. The photocatalyst
monolith was deposited layer-by-layer by moving the nozzle in
x-y-z and laying down the ink in the desired pattern. The printing
ink was prepared from the active 5 wt% SrNbO,N material

1773 \

- paste ‘
SrNbO,N+alumina
organic binder + acid
Fig. 2 (left) S'INbO,N-containing printing ink prepared by mixing SrNbO,N/
Al,O3z power, organic binder and acid solution to obtain a printable viscosity;
resulting 3D printed monolith freshly printed, dried and thermally treated
(viewed from left to right).

3D printing
process

Freshly printed
sample

Post printing
treatment
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pre-mixed with 95 wt% Puralox alumina (Sasol TM100/150 UF) by
adjusting the target ratios of 44 wt% of an organic binder compo-
nent (3.5% aqueous solution of methylcellulose) and 7.7 wt% of 1
mol L~ HNO;(aq) solution in the mixture.

The 3D printed photocatalysts were subsequently subjected
to a heat treatment and ammonolysis to remove the organic
binder component and obtain the final desired structure and
photocatalytic properties. For the removal of the organic binder
component, the 3D printed monolith was heated under a flow
of air (250 mL min ') at 650 °C for 2 hours (heating rate of
10 °C min™ ).

For the deposition of the Cobalt oxide co-catalyst, the 3D
printed monolith was immersed in 1.12 mL of a 0.009 M Co(NO;),
(Sigma-Aldrich, 98%) water solution aiming at 2% wt loading. The
suspension was treated for 5 minutes in an ultrasound bath and
heated to promote the evaporation of the water. The resulting
monolith was treated under flowing ammonia (250 mL min ") for
15 hours at 850 °C (heating rate of 3 °C min"). Finally, the co-
catalyst was activated via mild oxidation in air at 200 °C for 1 h.

2.3 X-ray diffraction computed tomography (XRD-CT)

XRD-CT measurements were performed at beamline ID15A” of
the ESRF using a 100 keV monochromatic X-ray beam focused
to have a spot size of ca. 40 x 20 um (horizontal x vertical). 2D
powder diffraction patterns were acquired using the
Pilatus3 X CdTe 2M hybrid photon counting area detector.
The 3D printed photocatalyst was mounted onto a goniometer
which was placed on a rotation stage itself mounted on top of a
translation stage. The sample-to-detector distance was approxi-
mately 0.8 m. The XRD-CT scans were measured by performing
a series of zigzag line scans.?® An exposure time of 10 ms and an
angular range of 0-180° with 300 projections in total were used
for the XRD-CT dataset. The fast axis was the translation axis
(fly scanning) and slow axis was the rotation axis. A translation
step size of 100 microns was applied; in total 330 translation
steps were made per line scan corresponding to a covered area
of 3.3 x 3.3 cm®. The detector calibration was performed using
a CeO, standard. Every 2D diffraction image was converted to
1D powder diffraction pattern using the nDTomo and PyFAI
software packages with implemented trimmed mean filter
(10%) to remove the artefacts due to hot spots of (single)
crystalline material.>** The data integration was performed
with fast GPU processing. The reconstructed images were
obtained using the filtered back projection (FBP) algorithm.
The collected data were corrected in respect to synchrotron
current. The integrated diffraction patterns were reshaped into
sinograms and centered; the air scatter signal was subtracted
from the data. The voxel size in the reconstructed images
(330 x 330 pixels) corresponded to 100 x 100 x 20 um®.

The analysis of diffraction data was performed with the
TOPAS v7 software®® on a voxel-by-voxel basis. A pseudo-Voigt
peak shape function calculated after the analysis of the CeO,
calibrant pattern was used for diffraction data. The data were
also analysed using the Direct Least-Squares Reconstruction
(DLSR) approach®! which overcomes the parallax artefact. Due
to the memory expensive requirements of the DLSR approach,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the data had to be downscaled by a factor of two to 165 x 165
pixels. This means that the pixel size in the reconstructed DLSR
maps corresponds to 200 microns. The downscaled sinograms
(containing parallax artefact) were used to reconstruct images
using the conventional approach and perform analysis using
the Rietveld method. To stabilize the DLSR refinements, the
SrNbO,N scale factor map obtained from the conventional
analysis was used as an input to the DLSR. A mask was created
based on the SrNbO,N scale factor map which allowed us to
decrease the number of structures needed to be refined. A 3XS
Data Science Workstation C264X2 with 2x Intel Xeon Silver
4216 and 350 GB RAM was used to perform the refinements
for both the conventional approach (FBP + Rietveld) and the
DLSR approach.

2.4 Conventional characterisation

Conventional characterisation of the photocatalyst monolith was
carried out using SEM, EDX, XRD. SEM and EDX images were
recorded on a FEI Nova Nano SEM 450 instrument equipped with
a Bruker Quantax 200 system featuring the XFlash 5030 detector
and operating at an accelerating voltage of 5 kV. Transmission
electron microscopy (TEM) analysis of the starting SrNbO,N
powder was performed using a JEOL JEM 1010 instrument
operated at an acceleration voltage of 100 kV. High resolution
transmission electron microscopy (HRTEM) analysis of the 3D
printed photocatalyst monolith after the degradation tests was
obtained using a JEOL JEM 2100 instrument at an acceleration
voltage of 200 kV. Powder XRD patterns were measured on a
PANalytical Empyrean diffractometer equipped with a Co-tube
and operated at 40 keV and 45 mA.

2.5 Photocatalytic experiments

The photocatalytic activity of the 3D printed photocatalyst was
investigated by the degradation of methylene blue (MB) in
water employing a solar-simulator setup consisting of a quartz
tungsten halogen lamp (Osram 1 kW R7s 22 000) cooled by an
electric fan.

Characteristically, the 3D printed photocatalyst (2.29 g) was
suspended in MB aqueous standard solution (0.04 mM, 0.4 L)
in a photocatalytic reactor (glass beaker, Corning Pyrex Griffin).
To ensure the establishment of an adsorption-desorption
equilibrium, the reaction mixture was agitated in the dark for
30 minutes. It was kept at a distance (27 cm) from the light
source and constantly agitated throughout the photocatalytic
process. The sample was irradiated for 210 minutes. During the
irradiation procedure, aliquots were taken at 30 minutes inter-
vals, and analysed using UV-vis spectrophotometry (Shimadzu
UV-1800) to determine MB photodegradation (by changes
observed at A,ps = 665 nm). A calibrated correlation between
the measured absorbance and its concentration was used for
the quantitative determination of MB. The rate of direct degra-
dation of MB was measured in the absence of the catalyst and
was found to be negligible. The adsorption coefficient, g,
(the adsorbed mass (mg) of MB per mass (g) of catalyst, at

Mater. Adv., 2023, 4, 3461-3472 | 3463
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time (£) was calculated according to the following equation):*

_AC-1000-M - V
- m

q: 1)
where AC = Cy — C; (Cy: initial concentration and C;: equili-
brium concentration) [mol L™']; M is the molecular mass of
methylene blue [g mol™']; V is the reaction mixture volume [L];
m is the mass of the photocatalyst [g].

To assess the catalyst’s efficiency over time, the 3D printed
monolith was recycled and then re-exposed to irradiation, using
the same testing approach as previously described. The sample
was recovered after each run by periodically washing it with
ethanol followed by drying. To investigate the photocatalytic
degradation of MB by the 3D photocatalytic monolith the
following parameters were considered:, the initial contaminant
(dye) concentration, initial pH solution, the presence of oxidants
and electron acceptors, photocatalyst concentration, photocata-
lyst particle size, reactor/structured matrix dimensions, reaction
temperature as well as light intensity.

2.6 Transient photoluminescence spectroscopy

Time-resolved photoluminescence (TRPL) decays were measured
using Edinburgh Instrument FLS 1000 by exciting the samples at
375 nm using picosecond laser (EPL-375) and detecting the
emission at 725 nm.

2.7 Theoretical calculations

For ab initio calculations of electronic properties of MB and its
degradation productions with the LCAO method, Gaussian 16
was used. For ground state calculations, a density functional
theory (DFT) approach with a hybrid functional M06-2X*® and
People’s®”™° basis set 6-311+G was taken. The Minnesota
functionals are known to describe thermochemistry of the
main groups well.*" Solvation was accounted for implicitly,
using the SMD variation of the integral equation formalism
(IEFPCM) and using the dielectric constant for water.*?
For excited molecules on account of photoactivation, only the
first excited state was considered according to Kasha’s rule.
Time-dependent (TD) DFT was used.*’ Using this approach, we
calculate the first excited state to lie 1.95 eV above the ground
state, corresponding to an adsorption band at 636 nm, which is
in good agreement with the experimentally measured absorp-
tion peak around 665 nm.**

Intermediates were geometrically optimized until the forces on
all atoms dropped below 1.5 x 10> hartree bohr™'. Vibrational
analysis was performed to confirm that stable stationary points
were found. Photocatalytic degradation of MB was modelled as an
attack of the OH* radical on the ground state and excited MB
molecule in solution.

For catalyst structure calculations, plane-wave DFT as imple-
mented in VASP 5.4.1 was used.*>*® Preliminary calculations,
including geometry optimizations, were performed with a GGA
functional (PBE) with the projector-augmented wave method
(PAW).*”*® To account for d electrons of niobium, a Hubbard
value of 3 eV was used in the DFT+U approach,*’ although the
effect of this value is small.”® For the plane waves expansion, a
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cut-off of 500 eV was employed. Dispersion interaction was
described with the Grimme D3 correction. For band structure
and band gap evaluation, single point calculations with a
hybrid functional (HSE06) were performed on the PBE-level
optimized structures.”® A gamma centered Monkhorst-Pack
mesh 11 x 11 x 7 was sufficient to describe a 5.81 x 5.81 x
8.18 A unit cell, which agrees well with the experimental
determination (5.71 x 5.71 x 8.10 A).5%%%3

3. Results and discussion

3D printed SINbO,N monolith was characterised using UV-vis
spectrophotometry, transient photoluminescence spectro-
scopy, XRD-CT, SEM-EDX and hybrid-DFT calculations. The
photocatalytic performance of the 3D printed STNbO,N mono-
lith was investigated using methylene blue as pollutant dye,
under simulated solar light irradiation.

3.1 XRD-CT characterisation

The reconstructed images (Fig. 3) for the 3D printed photo-
catalyst were investigated with the aim to provide the physico-
chemical information and distribution of the active STINbO,N
phase. The results were obtained from the Rietveld analysis of

SrNbO,N LPA

5.85
5.78
157
5.63
5.55
a)
8.45
8.31
8.18
8.04

7.9

b)

100

<)
Fig. 3 Reconstructed XRD-CT images of the 3D printed photocatalyst
based on the Rietveld analysis of four isolated SrNbO,N peaks (single
phase model) using the conventional approach (left) and the DLSR
approach (right) shown in each of the three sub-figures: (a) lattice para-
meter a (LPA) maps (colour bar axis in A), (b) lattice parameter ¢ (LPC) maps
(colour bar axis in A), (c) crystallite (CLS) maps (colour bar axis in nm). Every
pixel in the reconstructed XRD-CT image corresponds to a single diffrac-
tion pattern. The pixel size in the reconstructed DLSR maps corresponds to
200 pm as the data had to be downscaled by a factor of two to 165 x 165
pixels. Accompanying figures can be found in the ESIt (see Fig. S1 and S2).
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the XRD-CT data for the STINbO,N phase using both the con-
ventional and DLSR approaches.

The XRD-CT data on the left-hand side of each sub-figure
was obtained using the conventional approach that presents
the reconstructed images based on the FBP algorithm and the
analysis of the local diffraction patterns which is based on the
Rietveld method. This type of analysis can lead to accurate scale
factor and weight fraction maps for the various crystalline
components in the sample despite the parallax artefacts present
in the data. One global scale factor was refined for the SINbO,N
phase, i.e., the distribution of the component was forced to be
the one obtained from the conventional approach. However, a
scale factor was applied to this map which was refined during
the DLSR analysis (presented on the right hand-side of each sub-
figure). The reconstructed maps of the lattice parameters and
crystallite size of the STINbO,N phase were refined spatially. For
both the conventional FBP-Rietveld and DLSR approaches, a
selected region of the diffraction patterns was used: Q = 2.01-2.3,
3.58-3.93, 4.74-5 and 5.6-5.9 A™'. These regions contained
isolated SrNbO,N diffraction peaks (including the (112), (204),
(420), (116), (316) and (512) reflections) which allowed to avoid
using the difficult-to-model Al,O; support phase in the refine-
ment process. The weighted profile R-factor (Ryy) is ca. 8-9% for
most pixels. The overall R, for the global DLSR refinement is
similar too, at 8.8%. ensuring that the comparison of the
reconstruction algorithms was not biased.

It can be observed that for the conventional approach to
XRD-CT, image analysis leads to more uniform and underesti-
mated values for the lattice parameters while local inhomogene-
ities can be observed across the sample by the DLSR approach.
The DLSR approach accounts for the loss of physico-chemical
information associated with diffraction peak shape and position
and directly yields the varying lattice parameter and crystallite size
throughout the scanned cross section. The values of the lattice
parameters a and ¢ vary from 5.60-5.80 and 8.04-8.32 A respec-
tively. These values are in agreement with lattice parameters
results obtained from the bulk sample by the conventional XRD
measurements (presented in ESL} Fig. S3 and S4): 5.71 and 8.12 A
for a and ¢ respectively. Both the conventional and XRD-CT
diffraction patterns were indexed with the space group
I4/mem.>* The DLSR approach yields lower and more uniform values
for the crystallite size. Fig. S2 in the ESI{ shows a histogram of the
crystallite size distribution obtained from the DLSR CLS map.

3.2 Conventional characterisation

In addition to the crystallite (CLS) maps Fig. S6-S8 in the ESIf
provide complementary micron-scale SEM and EDX maps of the
microstructure and distribution of active StNb phase across the
alumina support of the 3D printed photocatalyst. TEM and
HRTEM images (Fig. S9 and S10, ESIT) show the photocatalyst
nanoparticles of the starting SINbO,N powder and the 3D printed
monolith material after the degradation tests, respectively.

3.3 Photocatalytic experiments

The 3D printed monolith was tested for photodegradation of MB
under a solar light simulator. The conversion of MB (C = final

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration to C, = initial concentration, (C/C, x 100)) was recorded
during 210 min solar light irradiation period (see Fig. 4). The
photocatalytic reaction rate was calculated using first-order kinetics
(In(C/Cy) = —kt), where In(C/C,) vs. irradiation time was linear in all
cases. The rate constant, k, was determined from the slope of the best
fit line. The photo-response data are summarised in Table 1.

The 3D printed monolith demonstrated excellent photo-
catalytic activity, with ca. 100% degradation of MB in the
allotted 210 minutes time period and a significant two-fold

MB decomposition (%)

—e—Exp1 »—Exp2 Exp3 Exp4 ——Exp5
0
0 30 60 90 120 150 180 210
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100
" (b)
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Exp3

100
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& (c)
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Experiment number

Exp4 ——Exp5

MB decomposition %

5

Fig. 4 Methylene blue decomposition % (C/Cqy x100) over time (a) after
post-adsorption equilibrium (MB/3D monolith mixture was kept 30 min in
the dark; this was assigned as t = 0) and (b) catalytic activity for the entire
duration of the experiment (including the adsorption time) (c) the final MB
decomposition % with catalyst cycling runs.
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Table 1 Photo-response data for 3D printed monolith

Rate constant MB photodegradation

Experiment (10" s™) (%) q:

1st photocatalytic activity 4 100 2.23
2nd photocatalytic activity 3 96 2.14
3rd photocatalytic activity 0.6 62 1.38
4th photocatalytic activity 0.5 56 1.26
5th photocatalytic activity 0.2 32 0.70

enhancement when compared to our previously reported work,
in which we tested photodegradation of blue DCIP dye in the
presence of a sacrificial electron donor.® The 3D printed
oxynitride also exhibited adsorption toward MB, allowing it to
effectively react with photogenerated active species on the
surface of the 3D printed oxynitride, enhancing photoredox
activity. It should be noted that, a control experiment carried
out under the same conditions but without the addition of
photocatalyst, provided an assessment of the extent of direct
photochemical reaction of MB which was proved to be negligible
when compared with that in the presence of the catalyst (see
Fig. S11 in the ESL Fig. S12, ESIT shows the absorption spectra
of MB degradation in the absence of the catalyst). Irradiance
curve (irradiance readings as a function of wavelength) for the
light source used in the experiments shown Fig. 4-6 can be
found in ESI,f Fig. S13. The Tauc plot for the SINbO,N photo-
catalyst used as a conventional method for extracting the band
gap of a material is presented in ESI,{ Fig. S14.

One important feature associated with the usage of photo-
catalysts is long term stability and their cyclic use. To evaluate
the efficiency over time, a series of experiments were conducted
where the 3D printed monolith was recycled and subjected to
photocatalytic testing under solar light. The change in methylene
blue concentration is shown in Table 1. The 3D printed monolith
exhibited good stability for 3 cycle operations, reaching an
adsorption plateau for cycles 2 and 3, while remaining efficient
in terms of photocatalytic degradation of MB.

It should be noted that cobalt oxide, when used (even in low
concentrations) as a co-catalyst with perovskite oxynitrides, can
enhance the photocatalytic activity of the perovskite oxynitride
by acting as a promoter and providing additional active sites for
the adsorption and activation of reactants. The CoOx species
(shown in Fig. S8, ESIt) can also facilitate the transfer of
electrons and holes between the perovskite oxynitride and dye
molecules, leading to more efficient degradation as previously
described by the authors.®

3.4 Transient photoluminescence spectroscopy characterisation

To extract the information about the charge transfer, we per-
formed time-resolved photoluminescence (PL) spectroscopy. For
that, we first measured natural PL decay of 3D printed monolith
in the absence of methylene blue (MB) and used it as a reference
(black line). We then measured PL decay in the presence of MB
after the photocatalytic activity experiment (red line) as shown in
Fig. 5. The PL decays in the presence of MB gets faster due to the
charge transfer between 3D printed STINbO,N and MB.
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Fig. 5 PL decay spectra of 3D monolith without (orange line) and with MB
(red, blue, green, magenta and black lines). Red line corresponds to PL
decay measured after the first photocatalytic activity run, blue line is PL
decay of 3D monolith measured after 2nd photocatalytic activity run,
green line represents PL decay of 3D monolith measured after 3rd
photocatalytic activity experiment, magenta line represents PL decay of
3D monolith measured after 4th photocatalytic activity experiment and
black line represents PL decay of 3D monolith measured after 5th photo-
catalytic activity experiment.

We determined the lifetimes by fitting the data with multi-
exponentials. The equation and parameters are provided in the
ESIT (see eqn (S1) and Table S1).

The charge transfer can be quantitatively determined from the
additional rate of decay in the presence of MB (quencher).>>® We
determine this rate of quenching by taking the differentiation or
the slope of the natural logarithms of the PL ratio of 3D monolith
with MB and without MB (Fig. 6) using:

PL with MB

*% (1“ (m)) 2)

The resulting charge transfer rate of (1.5 & 0.2) x 10% s~
after first photocatalytic activity, (5.0 & 0.5) x 10® s~ " after 2nd
photocatalytic activity, (5.6 £ 0.6) x 10° s~ " after 3rd photo-
catalytic activity experiment, (1.2 + 0.2) x 10° s~ ' after 4th
photocatalytic activity experiment and (1.3 & 0.1) x 10° s *
after 5th photocatalytic activity experiment.

kct =

1

In (PL ratio)

time (ns)

Fig. 6 Natural logarithm of the PL ratio of 3D monolith with and without MB.
Red dots — PL ratio with MB after first photocatalytic activity. Blue dots — PL
ratio with MB after 2nd photocatalytic activity experiment. Green dots — PL
ratio with MB after 3rd photocatalytic activity experiment. Magenta dots —
PL ratio with MB after 4th photocatalytic activity experiment. Black dots — PL
ratio with MB after 5th photocatalytic activity experiment.
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3.5 Regioselectivity in the methylene blue molecule

There are nine distinct sites in methylene blue, which are suscep-
tible to a radical attack: six aromatic carbon atoms (numbered 1,
1la, 2, 3, 4, 4a), the nitrogen (5) and sulphur atoms (6) in the
aromatic ring and the amine nitrogen atom (7), as shown in Fig. 7.

In studying photodegradation, we are most interested in the
changes in reactivity upon the excitation of methylene blue.
From the natural bond order (NBO) analysis, a charge redis-
tribution is noticeable. In the ground state, the S6 atom is
positively charged +0.485e, while N5 and N7 are negatively
charged with —0.366e and —0.421e, respectively. As shown in
Fig. 8, the N5 atom is the most electropositive part of the
molecule. In the excited state, however, the electrons accumu-
late in the hetero-ring, increasing the charge of S6 to +0.395e
and N5 to —0.515e. On the other hand, the charge density on
the amine group and outer aromatic rings slightly decreases.

While listed numerically in Table 2, this is more easily shown
as a differential electron density between the excited and ground
state in Fig. 8. It demonstrates that as electrons flow towards the
excited molecule, the N5 becomes more reactive.

S
N 4
B 3
CHs + 2 _CH
3 r;l % 1 ,;‘7 3
CHj CHj

Fig. 7 Numbering of the heavy atoms in MB.

Fig. 8 (left) Electrostatic potential of methylene blue in ground state
shows and (right) differential electron density between the excited and
ground state.

Table 2 Atomic charges on individual atoms in ground state and excited
states. In parentheses, hydrogen atoms are summed in the parent heavy
atoms

Atom charge in atomic units

Site Ground state First excited state
1 —0.301 (—0.048) —0.245 (—0.007)
la —0.157 —0.207

2 +0.281 +0.247

3 —0.268 (—0.018) —0.231 (+0.019)
4 —0.125 (+0.123) —0.172 (+0.075)
4a +0.093 +0.196

5 —0.366 —0.515

6 +0.485 +0.395

7 —0.421 —0.367

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Fukui functions of MB for the nucleophilic (f,), electrophilic (f_) and
radical attack (fp) in the ground state (GS) and the first excited state (ExS).

A more quantitative measure of the regioselectivity are the
Fukui functions, which indicate the change in electron density
when the number of electrons in the molecule changes. The
Fukui function for the nucleophilic attack in the ground state
shows the highest regioselectivity at N5 and N7 and moderate
regioselectivity at C2 and C4a. Conversely, the electrophilic
attack is most likely at C1 and C3. The radical attack will most
likely proceed on N5, C4a, C1 and C3.

In the excited state, the electron density is perturbed (see Fig. 8),
which also affects the regioselectivity. The nucleophilic attack is
still most likely at N5, but C3 and N7 also show non-negligible
reactivity, while the electrophilic attack is centred on N5 and Sé.
The excited molecule is susceptible to a radical attack on N5, S6,
C1, C1a, C2 and C4. The Fukui functions are plotted in Fig. 9.

3.6 Degradation routes of methylene blue

While the full mechanism of photochemical degradation of
methylene blue is complex and unwieldly to detail with first-
principle methods, a useful and common approximation is to
study the reaction of MB with hydroxyl radicals (OH*).”” Under
photoactive conditions, there is an abundance of OH*, which
attack the MB molecule. The activation barriers for such reactions
are low, usually only slightly above the diffusion limit, and depend
on the catalyst surface and irradiation. As a proxy quantity, we
studied the stability of different intermediates between OH* and
methylene blue because the activation barriers of analogous
reactions correlate with the energy differences, which is known
as the BEP correlation. Additionally, abstraction of hydrogen from
the aromatic ring (sites 1, 3, 4) or methyl group is also studied.

As shown in Table 3, there is considerable difference in the
activity of different sites in MB. OH* will most favourably
abstract a hydrogen atom from the methyl group, which
activates the cascade of N-demethylation. Other (aromatic)
hydrogen atoms are not likely to be abstracted (152-160 kJ mol ).
Alternatively, OH* can bind to carbon atom, most favourably to
C1, followed by C3 (relative energy +51 kJ mol " with respect to
Cl-intermediate), C4a (+63 k] mol ') and C4 (+81 k] mol ). The
heteroatoms (N5, S6 and N7) are least likely to be attacked by
the OH* radical. This shows that in the ground state, the
degradation by the OH* radical begins with N-demethylation,
while the aromatic ring structure is attacked at the C1 or C3 site.
However, this changes upon excitation.

While MB is flat in the ground and excited state, its inter-
mediate with OH* is planar in the ground state but assumes a
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Table 3 Relative stability of OH*-MB intermediates in the ground and
excited state. Values relative to the most stable ground-state and excited
intermediate, respectively

Energy (relative to the most stable intermediate)

in k] mol™*
Site Ground state First excited state
1-OH +51 +171
1a-OH +98 +207
2-OH +102 +99
3-OH +63 +129
4-OH +81 +289
4a-OH +74 +160
5-OH +115 +65
6-OH +137 +163
7-OH +141 +231
1-H abstraction +153 +198
3-H abstraction +152 +206
4-H abstraction +160 +206
Methyl-H abstraction 0 0

bent geometry in the first excited state (see Fig. 10). This has
consequences for the degradation pathways, as well. While the
attack on the methyl group with hydrogen abstraction remains
most favourable, the reactivity of ring sites is changed. For
instance, while poorly reactive in the ground state, N5 is
preferentially attacked by OH* when MB is in the first excited
state. The reactivity of the aromatic carbon atoms does not change
as drastically with C3, C4a and C4 remaining most reactive (but
less than the aromatic nitrogen atom N5). Experimentally, it was
confirmed previously that N-demethylation proceeds concomi-
tantly with the degradation of the phenothiazine structure of
MB,>® which is in line with our calculation of similar energies
for the OH attack on C1 and hydrogen cleave from N-methyl
(difference of 13 keal mol~"), as shown in Table 3.

Once a hydrogen atom is cleaved from the methyl group,
N-demethylation rapidly follows, yielding azure B, azure A, azure
C and thionine with three, two, one and no methyl groups,
respectively.”® Since the mechanism of radical N-demethylation
is analogous for all methyl groups, we present the calculations
for one cascade, only.

We model hydrogen atoms to be cleaved off by an impacting
OH* radical, yielding H,O in the process. The results show
that C-H bond cleavages are more exothermic than C-N bond
cleavage, meaning that N-demethylation proceeds stepwise

= ¢
© ~~ ) P?
"\-
¢

Fig. 10 Structures of most stable (top) MB-OH* intermediates (left) in the
excited state (site 5) and (right) the ground state (site 1) and (bottom) MB
structures after hydrogen abstraction from the methyl group (left) in the
excited and ground state (right).
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Table 4 Reaction energies for N-demethylation of MB with OH* in the
ground and excited state

Energy in k] mol *

Ground First excited
Reaction state state
Ar-NCH,;CH; + OH* — Ar-NCH,;CH,* + H,0* —179 —201
Ar-NCH,CH; + OH* — Ar-NCH,* + CH,0H —66  —134
Ar-NCH;CH,* + OH* — Ar-NCH3;CH + H,0* —98 —55
Ar-NCH;CH,* + OH* — Ar-NCH; + CH,OH* +21 —25
Ar-NCH;CH + OH* — Ar-NCH;C* + H,0* —88 —284
Ar-NCH;CH + OH* — Ar-NCH3;* + CHOH —43 —132
Ar-NCH;C* + OH* — Ar-NCH;* + COH —128 —22
Ar-NCH,* + H,0 — Ar-NHCH,+ OH* +100 +175
Ar-NCH,* + Ar-NCH,CH,; — Ar-NHCH,+ —78 —26

Ar-NCH,CH,*

through -NR-CHj;, -NR-CH,*, -NR-CH, -NR-C*, -NR*, and
-NRH intermediates. In the last step, the -NR* radical does
not abstract a hydrogen atom from a water molecule (this
reaction would be endothermic) but instead reacts with a new
MB molecule in a new exothermic reaction, propagating the
reaction chain by converting it to -NR-CH,*. The mechanism
and energetics in the ground and excited states are similar (see
Table 4 and Fig. 11).

3.7 Electronic structure of S'INbO,N

SrNbO,N is a promising semiconductor due to its low band
gap, which was experimentally measured at 1.8 eV.>® Conse-
quently, it has a characteristic bluish hue with a high absorp-
tion tail above 650 nm. This makes it well suited for methylene
blue photodegradation, because MB is experimentally known to
absorb at 665 nm,"* corresponding to 1.85 €V. Its applicability
for photodegradation of different organic compounds can be
tailored by changing its O: N ratio and surface substitutions. As
shown by Aschauer et al,* the catalytic performance of the
material changes with a N-by-O substitution, changing the
overpotential for ORR, the band gap etc.

In SINbO,N (and other perovskite oxynitrides), niobium
atoms are in octahedral sites surrounded by nitride and oxide
anions. Sr atoms are at the A sites, Nb atoms are at the B sites
(ABO3). The position of nitrogen and oxygen anions can vary and
several isomers are possible,”" which has already been exten-
sively studied with first-principle methods.’*®*®* Qur results

T T T T T T
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o first excited
=
-100 .
T 200 | z n
o) = @] b
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w = = @] <
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©
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Fig. 11 Energetics of N-demethylation of MB to azure B in the ground
state and first excited state.
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Fig. 12 (left) Total and projected densities of states and (right) band

structure for SINbO,N, calculated at the HSEO6 level.

show that nitrogen atoms assume the equatorial cis positions,
which is consistent with the findings of Stotskyi et al.>

For an additional insight into the origin of its electronic
properties, we calculated the band structure (and band gap),
which is shown in Fig. 12. The calculated band gap (at I') was
1.88 eV, which is consistent with the experimentally determined
values. The highest valence bands are contributed by N p
orbitals, showing that its band gap can be fine-tuned by nitrogen
doping. The lowest conduction bands correspond mostly to Nb d
orbitals, which offer another avenue of band gap manipulation.
Oxygen has a smaller effect on the band gap position.

4. Conclusions

SrNbO,N perovskite oxynitride mixed with an alumina support
powder was 3D printed and tested for degradation of organic
pollutant in water. We observed that our 3D structure exhibited
excellent photocatalytic properties and can degrade a high
concentration of 100% organic pollutant (MB) within just a few
hours. Further, it demonstrates good stability with more than
60% degradation efficiency after 3 cycle operations. This is due to
our perovskite materials’ excellent photophysical properties,
which include visible light harvesting, long excited state lifetime,
and fast charge transfer, as well as their high adsorption toward
MB. Theoretical calculations revealed that the aromatic nitrogen
atom in MB becomes most reactive as the electron density flows
towards it. This was confirmed by TD-DFT calculations of the
stability of MB-OH* intermediates. The most stable intermediate
in the excited state is formed with the attack upon the aromatic
nitrogen, showing the most probable site for the photodegra-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dation of MB. In addition, Electronic structure calculation shows
a bandgap of 1.88 eV. The decomposition to atom types shows
that the valence band is populated by N p electrons, while the
conduction band is contributed by Nb d orbitals. While Sr serves
as the scaffolding, the exchange of O by N and their relative
position in the octahedra around Nb allows for fine-tuning of the
bandgap.

The reconstructed DLSR maps provide a wealth of new detail
on the fidelity of the 3D printed photocatalyst design and its
physico-chemical characteristics accounting for the varying
lattice parameters and crystallite sizes of the active STINbO,N
phase throughout the monolith. The results of the XRD-CT
characterisation efforts serve to guide the design and develop-
ment of the novel tailor-made geometries and composition.

Hence, this work demonstrates that DIW is a viable
approach for developing structured photocatalyst for water
treatment. The resultant structured form of the photocatalyst
offers the advantage of facile catalyst recovery (when compared
to a powder suspension) by avoiding additional steps in pro-
duct separation. We believe that 3D printing has the potential
to revolutionise the field of catalysis and semiconductor photo-
catalysis by facilitating the controlled manufacture of both
supports and catalysts at the micron level, allowing photocata-
lyst structures to be formed with tailored strength, porosity and
functionality.
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