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Computational and experimental studies of the
wide bandgap semiconductors NH4TiOFs and
(NH4),TiOF,7
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As the topotactic synthetic precursor of the ubiquitous functional semiconductor anatase TiO,,
ammonium fluoroxotitanates, such as NH4TiOFs and (NH4),TiOF,4, have received lots of research interest
as synthetic precursors. However, few of the existing studies focus on their properties and possible
applications on their own. To fill this gap, both NH4TiOFs and (NH4),TiOF, were studied in this work
experimentally by material characterization and computationally via DFT calculations. Electronic
structures of both materials from experimental and computational perspectives were mutually
supportive. Based on these, immobilised NH4TiOFz was preliminarily tested as a UV photocatalyst for

dye degradation. Reasonable photocatalytic activities were observed.

Introduction

Mesocrystals have aroused widespread research interest
because of their balanced properties from the nanocrystalline
building blocks and the overall collective functions.”” Among
the synthetic semiconductor mesocrystals, TiO, mesocrystals
have attracted a large share of attention due to the wide
applicability of porous TiO, semiconductors and the unique
properties brought to their applications.> Two main strategies
have been developed for the synthesis of semiconductor meso-
crystals, including the assembly of pre-formed nano building
blocks from bottom to top, or the conversion from crystal-
lographically similar precursors from top down. The latter is
also called topotactic transformation, from which the meso-
crystalline products always inherit the overall size and the
morphology from the precursor materials.* So the unique
design features of the precursor can be incorporated into the
product material and provide more possibilities for the morphol-
ogies and structures of the product. In the case of TiO,, ammo-
nium oxofluorotitanates, NH,TiOF; and (NH,),TiOF,, are the most
adopted precursors due to their crystallographic similarity to
anatase TiO,."” For these reasons, the understanding of NH,TiOF;

@School of Chemistry, The University of Edinburgh, David Brewster Road,
Edinburgh EH9 3FJ, UK. E-mail: Neil.Robertson@ed.ac.uk

b Department of Materials, Imperial College London, Exhibition Road, London, SW7
2AZ, UK

¢ Research Complex at Harwell, Harwell Science and Innovation Campus, Didcot,
Oxfordshire, OX11 OFA, UK

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2¢cp05316k

This journal is © the Owner Societies 2023

and (NH,),TiOF, is important to the design and preparation of
functional TiO, mesocrystals.

The studies on ammonium oxofluorotitanates were started
by Patarin et al. and Laptash et al., who determined the crystal
structure of (NH),TiOF, (monoclinic P2,/m, 1994) and
NH,TiOF; (orthorhombic Pnma, 1999) respectively.®” The exist-
ing studies on ammonium oxofluorotitanates have focused
mainly on the crystal structure, thermal behaviour and their
conversion to more well-known TiO,.5™° Other properties and
applications of both materials are less studied. Recently, some
groups have explored the possibility of applying NH,TiOF; to
different areas such as lithium storage and photocatalysis.'"'?
In those examples however, NH,TiOF; was part of a composite
along with other materials, such as NH,TiOF;/TiO,/g-C;N, and
NH,TiOF;/TiO,. The direct use of NH,TiOF; and (NH,),TiOF, is
still unexplored to the best of our knowledge.

In this work, we aim to provide some initial inspiration for
further studies and applications of NH,TiOF; and (NH,),TiOF,.
Both materials were characterized by Powder X-ray diffraction
(PXRD), Ultraviolet-Visible diffuse reflectance spectroscopy
(UV-vis DRS) and X-ray photoelectron spectroscopy (XPS). The
band structure, density of states (DOS) and crystal orbital
Hamiltonian populations (COHP) have also been studied by
DFT calculations in order to discuss the electronic structures of
both materials and the relation to their crystal structures. As a
preliminary attempt, immobilised NH,TiOF; was applied as a
UV photocatalyst due to its similar band gap to TiO,. Although
not better than the immobilised benchmark TiO, P25, a reason-
able photocatalytic activity was observed for the immobilised
NH,TiOFs.
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Experimental
Preparation of NH,TiOF;, (NH,),TiOF, and TiO,

Powder form NH,TiOF; was prepared according to the recipe
described in previous work."® Briefly, (NH,),TiFg (acros organ-
ics) aqueous solution was mixed with ammonia solution with
the final concentration ratio as 4: 3. After stirring the solution
for 5 min and letting it stand for 6 h at room temperature, the
precipitate was collected by centrifugation and washed sequen-
tially with water and ethanol, and dried in ambient conditions.
(NH,),TiOF, was firstly prepared as immobilised films follow-
ing the procedure developed in our recent work."* Specifically, a
piece of FTO substrate (1.5 x 2 cm) was immersed in 4 mL
aqueous solution containing 0.6 M (NH,),TiFs and 1 M
(NH4)O,CCHj;. After 24 hours reaction at room temperature,
the substrate with coated materials were taken out, rinsed with
water and ethanol and dried with hot air. Powder form
(NH,),TiOF, samples were then obtained by scratching from
the immobilised (NH,),TiOF, films. Powder form TiO, for XPS
studies was prepared by sintering the NH,TiOF; in a pre-heated
furnace at 800 °C for 15 min."

To prepare immobilised NH,TiOF; for photocatalysis reac-
tions, immobilised (NH,),TiOF, was first prepared on a sanded
glass substrate (1 cm x 3 cm) following the procedure for FTO
substrate (vide supra). However the concentration of (NH,),TiFs
was 0.5 M. Immobilised NH,TiOF; was then obtained by
sintering the immobilised (NH,),TiOF, to 250 °C with a heating
rate of 2 °C min~ "

To prepare immobilised P25 for photocatalysis reaction, a
printable paste was doctor-bladed on a sanded glass substrate,
followed by sintering at 500 °C for 30 min. The P25 paste was
prepared according to a reported analogous method."® Specifi-
cally, 0.16 g P25 was mixed with 0.65 g anhydrous terpineol
solvent, 0.45 g EC-10 stock solution (ethyl cellulose, 10 cP,
10 wt% in ethanol), 0.35 g EC-30 stock solution (ethyl cellulose,
30-70 cP, 10 wt% in ethanol) and 0.8 mL anhydrous ethanol.
After stirring overnight, the mixture was sonicated for 2 min
and stirred at 13 500 rpm for 1 min using an ultra-terrax mixer
for 3 cycles and dried by rotary-evaporation at 40 °C.

Material characterization

PXRD was carried out on a Bruker D2 PHASER using Cu Ko
radiation. UV-Vis DRS were carried out using a JASCO V-670 UV/
Vis/NIR spectrophotometer equipped with a 60 mm ¢ integrat-
ing sphere accessory. BaSO, was used as the reference. XPS
spectra were acquired using a high-throughput Thermo Fisher
K-alpha spectrometer with a monochromatic Al Ko micro-
focused X-ray source.

Solid state calculations

The calculations were performed using the CRYSTAL17 code.'”"®

Triple zeta valence basis sets were utilised for all atoms (Ti, O: m-
def2-tzvp; N, F, H: pob-tzvp-rev2), built from Gaussian-type func-
tions, developed for solid-state applications."® Hybrid functional
HSE06 was selected due to its robust record in accurately calculating
lattice parameters and electronic band gaps.”**' Other functionals
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including pure GGA PBE* and hybrid functional B3LYP**** were
also implemented for single-point energy calculation as compari-
son. The Grimme D3 dispersion correction scheme (DFT-D3) has
been adopted for all calculations of NH,TiOF; and (NH,),TiOF,.**
Convergence of the k-point grid was considered for energy differ-
ences of 10~ ® Hartree, resulting in a Monkhorst-Pack shrinking
factor”® of 10 for all the calculations. The input geometries of
NH,TiOF; and (NH,),TiOF, for the solid-state calculations were
taken from published crystal structure data (NH,TiOF;: CCDC-
1880514;>” (NH,),TiOF ;: ICSD-75405)° which were collected at room
temperature. Geometry optimisation was applied to the full struc-
ture (crystal lattice and atomic positions) with convergence reached
when the energy threshold between two successive optimisation
steps was below 1077. Band structures, DOS and COHP were
computed both as a single-point energy calculation (fixed unit cell
and atomic positions) and also via the geometry optimisation.
Anatase TiO, (ICSD-154601)*° was also tested by single-point energy
calculation for comparison. Absolute values of the valence band top
and the conduction band bottom for three materials from single-
point energy calculations were used to plot their simplified band
structure diagram.

Photocatalysis test

Films on sanded glass slides were scratched to obtain
1 cm x 2.4 cm patterns before testing. The film samples or
bare substrate were submerged into 3 mL of the dye solution in
a quartz cuvette. The concentration of each dye used, namely
Rhodamine B (RhB) and Methylene Blue (MB), was 1 x 10> M
and 3 x 107> M respectively. The solution with the tested film
sample was stirred in the dark for several minutes (30 min for
RhB, 1 h for MB) to establish an adsorption equilibrium and
then irradiated with a LED (365 nm, 3W, Intelligent LED
Solutions) which was placed at a distance of 5 cm from the
cuvette. The UV-Vis absorption of the dye solution was mea-
sured in situ at an interval of 15 min using a JASCO V670 UV/
Vis/NIR spectrophotometer. The scan parameter was set to be
250-800 nm with a 400 nm min~" speed.

Results and discussion

Material characterization

XRD results of the powder form NH,TiOF; and (NH,),TiOF, are
shown in Fig. 1. Both materials show a good match with the
PDF card from the database respectively. The optical behaviour
was characterized by UV-Vis DRS. Tauc plots of both materials
are also shown in Fig. 1. The choice of the index n for the
(xhv)", which indicates the nature of the electron transition
(direct or indirect), was based on the DFT calculation results
(vide infra). Accordingly, direct band gaps of ~3.56 eV and
~3.98 eV were extracted for NH,TiOF; and (NH,),TiOF,,
respectively. Both are wider than anatase TiO,, which has a
typical indirect band gap of ~3.2 eV.*°

Both NH,TiOF; and (NH,),TiOF, were also studied by XPS
and compared with TiO, which was prepared by sintering
NH,TiOF; at 800 °C for 15 min. The phase check of the TiO,

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp05316k

Open Access Article. Published on 16 January 2023. Downloaded on 12/4/2025 5:56:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
a b
35
s
2 —~
2 E
g <
= =
S ~— U-_AJAA_MM\_M‘\_'_ é
g el
& NH,TiOF,
(CCDC 1880514)
S W 5 I TN - .
10 15 20 25 30 35 40 45 S50 55 60 2 3 5
20(°)
c d ,
=/ (101)/(002)
s
2
z g
2 s
- (020) =
% N A )
& (NH,),TiOF,,
(ICSD 75405)
I TP _sme

10 15 20 25 30 35 40 45 50 55 60 ! 2 3 4 s 6 7
20 (%) Energy (eV)

Fig. 1 XRD patterns and Tauc plots of powder form (a) and (b) NH4TiOF3
and (c) and (d) (NH,4),TiOF,.

was carried out by XRD with the result shown in Fig. S1 (ESI{),
indicating a pure phase of anatase. The XPS survey spectra are
shown in Fig. S2 (ESIt). For all samples, Ti and O were detected
with a small amount of C, which possibly arose from the
adventitious hydrocarbon from the XPS instrument itself. In
addition, strong peaks associated with F and N were also
observed for NH,TiOF; and (NH,),TiOF,, consistent with the
composition of both materials.

High-resolution XPS spectra are shown in Fig. S3 (ESIT).
Both NH,TiOF; and (NH,),TiOF, exhibit dominant N 1s peaks at
~402 eV, which corresponds to the NH," in both structures.*°
There is a small peak at ~400 eV for NH,TiOF;, possibly coming
from N species adsorbed on the surface.>' F 1s spectra for both
materials can be deconvoluted into two peaks at ~685 eV and
~ 686 eV respectively, close to the values observed for Ti-F and
O-Ti-F in other work.*” The TiO, prepared from NH,TiOF; shows
a weak signal at ~684 eV, which is likely due to the doping of
trace amounts of F~ on the surface.*® The O 1s spectra for all
samples can be fitted with three peaks, including the main peak
ascribed to the O in the lattice and the other two possibly
assigned to different oxygen species at the surface.** In Ti 2p
spectra, NH,TiOF; and (NH,),TiOF, exhibit wider Ti 2p;,, peaks
at higher binding energy than TiO, because of the contribution
from Ti-F. A low intensity deconvoluted peak at lower binding
energy for all the samples is possibly from a trace amount of
Ti**.*> Compared with TiO,, a shift of O 1s peaks and Ti 2p peaks
to higher energy can be observed for both NH,TiOF; and
(NH,),TiOF,. Comparing their structures, the substitution of
some O by F in TiO4 octahedra could be a possible explanation.

Fig. 2 displays the valence band XPS spectra of NH,TiOF3,
(NH,),TiOF, and the comparison TiO,. Compared with anatase
TiO,, NH,TiOF; and (NH,),TiOF, exhibit a shift of ~0.72 eV
and ~1.19 eV of the valence band onset respectively, indicating
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Fig. 2 XPS valence band spectra of NH4TiOF3, (NH,4),TiOF4 and TiO,.

their probably deeper valence band maximum than anatase
TiO,.

Structures of NH,TiOF; and (NH,),TiOF,

According to the published crystal data, the room temperature
structure of NH,TiOF; belongs to the orthorhombic space
group Pca2,, with crystal lattice parameters as follows:
a = 7.5526(1), b = 6.3051(1), ¢ = 7.5845(1) A. The 40 atom cell
of NH,TiOF; is illustrated in Fig. 3(a). It was described by
Boytsova et al. as a layered structure composed of corner-
sharing TiO,F, octahedra stabilized and sandwiched by
(NH,)" tetrahedra along the b-direction.>” However, it is worth
noting that in other works based on the crystal structure
defined by Laptash, this direction was defined as [001].” In this
work, we use the definition of Boytsova. O atoms were posi-
tioned in the ab-plane rather than apical, which is supported by
the experimental observation that during thermal hydrolysis of
NH,TiOF;3, the linking of octahedral layers produces TiOF, as a
possible intermediate phase and then anatase TiO,.””"°
(NH,),TiOF, is isostructural with B-(NH,),FeFs and consists of
kinked parallel chains of TiO,F, octahedra connected by the
two trans-oxygens as shown in Fig. 3(b). The monoclinic P2,/m

. {7) LY - =0 o g}-wfo
‘ ) {1\ 1‘;’ | I F >
| © oo PO,
| & & 1* ‘ A ¥ Y
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Fig. 3 Structures of (a) NH4TiOF3 and (b) (NH4),TiOF,. Colour scheme:
grey (Ti), red (O), green (F), blue (N), white (H).
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Table 1 Geometrical parameters of NH4TiOFs after the single-point
calculation and the geometry optimisation, along with the corresponding
results of the band gap calculation, including the band gap, the Fermi level
(Erermi). the top of VB (ToV) and the bottom of CB (BoC)
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Table 2 Geometrical parameters of (NH4),TiOF,4 after the single-point
calculation and the geometry optimisation, along with the corresponding
results of the band gap calculation, including the band gap, the Fermi level
(Erermi). the top of VB (ToV) and the bottom of CB (BoC)

Single-point calculation Geometry optimisation

Single-point calculation Geometry optimisation

a 7.55 7.50

b 6.31 6.13

c 7.58 7.62

o 90 90

B 90 90

y 90 90
Volume 361.2 350.3
Band gap 3.72 5.60
Egermi/TOV —6.31 —7.75
BoC —2.59 —2.15

space group and lattice parameters (a = 6.3245(1), b = 7.5422(1),
¢ = 11.0095(2) A) were reported by Patarin et al. in 1994.° In a
similar way, the thermal hydrolysis of (NH,),TiOF, to NH,TiOF;
and then anatase TiO, also supports the position of the

oxygens.

Structural optimisation of NH,TiOF; and (NH,),TiOF,

Geometry optimisation was applied to both NH,TIOF; and
(NH,),TiOF, using hybrid functional HSE06-D3 considering its
recorded accuracy in calculating crystal lattice parameters.®” In
the full geometry optimisation, both the lattice parameters and
atomic coordinates are changed to minimise the total energy of
the system. This effectively models the material at zero Kelvin,
hence the optimised structure is not expected to be the same as
the room-temperature experimental structure.

The optimised parameters of NH,TiOF; are compared with
the experimental data (Table 1), which are the same as that after
the single-point energy calculation. HSE06-D3 gave a very close
similarity to the experimental a and c lattice parameters for
NH,TiOF; with relative differences below 0.67% and a slightly
reduced b parameter by 2.85%. The cell volume was decreased
by 3.02%. More differences were obtained by comparing the
bond lengths (Table S1, ESIT) and bond angles (Table S2, ESIY)
before and after the optimisation. As also visualised in Fig. S4
(ESIY), Ti atoms are more off-centred in the TiO,F, octahedra
after the geometry optimisation. This could be the result of the
second order Jahn-Teller effect, which favours a reduced sym-
metry to optimize Ti-O bonding at the ground state.***° The
variance of the bond angles Ti-F-Ti and Ti-O-Ti also implies
octahedral tilting after the geometry optimisation.

For (NH,),TiOF,, after the geometry optimisation, para-
meter ¢ was similar to the results from the single-point calcula-
tion, i.e. the experimental data, whereas a and b were decreased
by around 1.8% and 3.5% respectively, leading to a decreased
volume of 5.7% (Table 2). The changes in bond lengths and
bond angles are listed in Tables S3 and S4 (ESIt) respectively
with the label of atoms given in Fig. S5 (ESIT). No Ti displace-
ment can be observed. However, the bond length of Ti-O
decreased after the optimisation and most of the Ti-F bond
lengths increased. The octahedra were also distorted by tilting
along the Ti-O-Ti direction.

4704 | Phys. Chem. Chem. Phys., 2023, 25, 4701-4709

a 6.32 6.21

b 7.54 7.28

c 11 10.9

o 90 90

p 90.12 90.13
y 90 90
Volume 525.2 495
Band gap 4.46 4.99
Erermi/ToV —6.58 —7.34
BoC —2.12 —2.34

Both NH,TiOF; and (NH,),TiOF, exhibited differences
between their room-temperature structures and optimised
structures in the ground state. Hence their electronic properties
in different states are also expected to be different, for example,
the conduction band bottom, the valence band top and their
corresponding atomic contribution. Electronic property studies
for both materials were applied to both states. However, more
focus was put on the room-temperature structure via the single-
point energy calculation so that the results can be compared
with that from room-temperature characterisation. The details
are shown in the next sections.

Electronic properties of NH,TiOF;

The band structure and projected density of states (PDOS) of
NH,TiOF; were first calculated based on the single-point cal-
culation using HSE06-D3 functional (Fig. 4). Direct band gap
values of 3.72 eV were obtained with both the top of the valence
band (VB) and the bottom of the conduction band (CB) located
at the I' point (labelled as G in band structure figures, the same
hereinafter). Other functionals including PBE-D3 and B3LYP-

et N~

E'EFerm (eV)

PDOS

4

G Z
k-points

| I — L
G X S Y R T Z

Fig. 4 Computed band structures and corresponding PDOS of NH4TiOF3
using HSEO06-D3 functionals after the single-point energy calculation.
Erermi = —6.31 eV.
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Fig. 5 Computed density of states of NH,TiOF3 over each orbital, com-
puted using HSE06-D3 functional.

8 10

D3 were also tested with the results given in Fig. S6 (ESIT).
Generally, all three functionals provided qualitatively similar
form of plots in terms of the band dispersion and atom
contribution. Different band gaps were obtained from PBE-D3
(2.39 ev) and B3LYP-D3 (3.89 eV) respectively. Among the tested
functionals, HSE06-D3 gives the closest band gap to the experi-
mental value obtained by UV-Vis DRS (3.56 eV, Fig. 1(b)). This
agrees with previous studies that have shown that HSE06 is very
good at computing electronic band gaps.*”*® Further analysis
was done by projecting the PDOS onto orbitals (Fig. 5) and

-100
—Ti-0
——TiF
'150 T T T T T T
-4 -2 0 2 4 6 8 10

E'EFermi(eV)

Fig. 6 COHP of NH4TiOFz over Ti-O (red line) and Ti—F (blue line) bonds,
computed based on single-point energy calculation using HSE06-D3
functional. A positive COHP value (negative in —COHP plot) represents
anti-bonding interactions, while a negative COHP (positive in —COHP plot)
denotes bonding interactions.
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Fig. 7 Computed band structures and corresponding PDOS of
(NH4)>TiOF4 using HSE06-D3 functional after the single-point energy
calculation. Ererm = —6.58 eV.

performing COHP analysis (Fig. 6). For COHP, the band struc-
ture is partitioned against the Hamiltonian population for a
specified interaction, where anti-bonding interactions are posi-
tive, bonding interactions are negative and non-bonding states
go to zero. Accordingly, the CB is mainly composed of the 3d
states of Ti with Ti-F and Ti-O anti-bonding character and non-
bonding character for both at the very bottom of the CB, while
most of the VB is O p-states with non-bonding character in
respect to Ti and some Ti-O bonding/Ti-F anti-bonding at the
very top of the VB. The lowest CB state is dispersionless along
the X-S, Y-I', U-R and T-Z directions, indicating more difficult
conducting along these directions. These Brillouin zone direc-
tions (illustrated in Fig. S7, ESI) with more flat bands corre-
spond to the [010] direction of NH,TiOF;, along which layers of
(TiOF;)~ octahedra are sandwiched by (NH,)" tetrahedra.

Fig. S8 (ESIt) shows the computed band structure and PDOS
based on the ground state structure after the geometry optimi-
sation. Generally, the band structure and composition are
similar to that based on the experimental structure after the
single-point calculation. However, an enlarged band gap was
obtained (5.60 eV vs. 3.72 eV, Table 1), and the variance is
mainly from the top of the VB position (—7.75 eV vs. —6.31 eV,
Table 1). The comparison of COHP (Fig. S9, ESIT) indicates that
at the ground state, the VB of NH,TiOF; contains more Ti-O
anti-bonding character compared with the single-point energy
calculation result. Comparing the geometry of the experimental
data and after the geometry optimisation, octahedral distortion
including the octahedral tilting and metal cation off-centre
displacement is likely to be the main reason.*" Similar to other
work, the effect is mainly on the overlap of orbitals.*>**

Electronic properties of (NH,),TiOF,

The band structure of (NH,),TiOF, were also investigated based
on the single-point energy calculations. The result with hybrid-
functional HSE06-D3 is shown in Fig. 7 and those based on

Phys. Chem. Chem. Phys., 2023, 25, 4701-4709 | 4705
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Fig. 8 Computed density of states of (NH4),TiOF, over each orbital,
computed using HSE06-D3 functional.

PBE-D3 and B3LYP-D3 are shown in Fig. S10 (ESIt). The K-point
path in the first Brillouin zone is illustrated in Fig. S11 (ESIT).
As we have observed for NH,TiOF;, all the functionals resulted
in similar band structure and composition but different value
of the band gap. Indirect band gaps of 2.98 eV, 4.64 eV and
4.46 eV were obtained from PBE-D3, B3LYP-D3 and HSE06-D3
respectively. The bottom of CB was found to locate at the I’
point while the maximum of VB was at the A point. However,
the energy variance between the I" point and A point at either
the top of the VB or the bottom of the CB is negligible according
to the computed band structures. So the band gap of
(NH,),TiOF, can be practically treated as direct. Comparing

50 -
|
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Fig. 9 COHP of (NH4),TiOF4 over Ti-O (red line) and Ti—F (blue line)
bonds, computed based on single-point energy calculation using HSE06-
D3 functional.
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Fig. 10 Computed band structures and PDOS of anatase using HSE06-
D3 functional after the single-point energy calculation. Egermi = —6.09 eV.

with the direct optical band gap obtained from UV-Vis DRS
(3.98 eV, Fig. 1(d)), HSE06-D3 also gave the most accurate
estimation among all the functionals, and therefore was also
used for further analysis of (NH,),TiOF,.

According to results of PDOS over orbitals (Fig. 8) and COHP
(Fig. 9), the CB of (NH,),TiOF, is mainly composed of the 3d
states of Ti and 2p states of F with anti-bonding character,
while the VB mainly originates from O 2p states, which are
bonding with respect to Ti 3d states. The band dispersion is
mainly observed along the I'-Z, D-B, A-E and C2-Y2 directions,
but more flat along other directions. As previously discussed,
this anisotropy is closely related to the crystallochemical aniso-
tropy. In the case of (NH,),TiOF,, the strongest band dispersion
is observed along the directions corresponding to the [010]
direction, parallel to the chains of TiO,F, octahedra.

The band structure, PDOS, COHP were also calculated after
the geometry optimisation of (NH,),TiOF,. Results are shown
in Fig. S12 and S13 (ESIt). Similar to the observation for
NH,TiOF;, the band structure and composition at the ground
state is similar to that based on the experimental structure after
the single-point calculation and the main difference comes
from the band gap and specifically the top of the VB. However,
the band gap variance in the case of (NH,),TiOF, is smaller
than that of NH,TiOF; (0.53 eV vs. 1.88 eV), consistent with less
change in the geometry after the geometry optimisation and the
resulting lower effect on the overlap of orbitals.

Comparison with anatase TiO,

Anatase TiO, was also studied as a comparison. Single-point
energy calculation was carried out using hybrid functional
HSE06-D3 which performed the best for both NH,TiOF; and
(NH,),TiOF,. The band gap was obtained as 3.49 eV, which is
also close to the optical band gap of anatase TiO, (~ 3.2 eV).”
The corresponding band structure and PDOS are shown in
Fig. 10 with the k-point path illustrated in Fig. S14 (ESI¥).
Based on the single-point energy calculation results for
NH,TiOF;, (NH,),TiOF, and anatase using HSE06-D3 functional,
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a simplified diagram of their band structures can be drawn as
Fig. 11. Compared with anatase, both NH,TiOF; and (NH,),TiOF,
have larger band gaps, which indicates their absorption of deep UV
light. This is in good agreement with the UV-Vis DRS results. In
addition, (NH,),TiOF, and NH,TiOF; have successively deeper
valence band than anatase, in line with the observation in the
XPS valence band studies. However, comparing the band disper-
sion of NH,TiOF; and (NH,),TiOF, with anatase (Fig. 4, 7 and 10),
the layered structure of NH,TiOF; and the chain structure of
(NH,),TiOF, may limit the electron mobility in certain directions
of both materials, demonstrated by the very flat valence and
conduction bands near the band gap for these materials.

Photocatalysis tests

According to the observation in our previous work, sintering
the immobilised (NH,),TiOF, to 250 °C can produce immobi-
lised NH,TiOF; consisting of nano-sized building blocks.™*
This may provide a higher surface area of immobilised
NH,TiOF; than the direct synthesis on the substrates. Due to
the similar positioning of the band gap between NH,TiOF; and
antase TiO, from DFT calculations and the experimental UV-Vis
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Fig. 12 Photodegradation of (a) and (b) RhB and (c) and (d) MB by immobilised NH,TiOFs, compared with immobilised P25 and no catalyst. C is the
concentration of the dye at different time point, while Cy is the concentration at the light-on point.
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DRS spectra, it is reasonable to check the photocatalytic per-
formance of immobilised NH,TiOF; under UV irradiation.

As a proof of concept, an immobilised NH,TiOF; sample
converted from the immobilised (NH,),TiOF, was tested as
photocatalyst in the photodegradation of RhB and MB. The
XRD patterns of the as-prepared immobilised NH,TiOF; and
the sample after photodegradation reaction of RhB are pro-
vided in Fig. S15 (ESIf). No impurities can be observed before
or after the photocatalysis reaction. Photocatalysis test results
are shown in Fig. 12 and the 1st order rate constants were
calculated and listed in Table S5 (ESIt). The immobilised
benchmark TiO, P25 has been demonstrated to be an excellent
UV photocatalyst and has been widely studied accordingly.** It
is therefore unlikely that the immobilised NH,TiOF; would
exceed the performance of P25. Despite this however,
NH,TiOF; shows the ability to degrade organic dyes under UV
irradiation with rate performance around half that of P25. In
addition, the high adsorption of cationic dye MB (Table S6,
ESIT) suggests a negatively charged surface of the immobilised
NH,TiOF; in water under the test conditions. However, to
further understand the surface properties of NH,TiOF;, further
experimental analyses and computational modelling are
required.

The poorer photocatalytic activity of the immobilised
NH,TiOF; may be explained from different aspects. First, the
commonly used UV light source gives peak intensity at 365 nm,
which doesn’t match ideally with the adsorption spectrum of
NH,TiOF;. In addition, the layered structure of NH,TiOF;
results in a poor electron mobility along certain crystalline
direction and thus potentially inefficient charge transport from
the bulk to the active sites at the surface. Inspired from this
attempt, further improvement may be achieved by using a
deeper UV light source, constructing appropriate orientation
of NH,TiOF; crystals to improve the overall electron mobility or
doping with other elements to adjust the optical band gap.

Conclusions

DFT calculations have been applied to NH,TiOF; and (NH,),TiOF,
to study their electronic structure and properties. The results were
compared with experimental characterizations including UV-Vis
DRS and XPS using anatase as a comparison. Performing geometry
optimisation on NH,TiOF; and (NH,),TiOF, resulted in enlarged
band gaps observed for both materials, which was associated with
the distortion of TiO,F, octahedra. From the single-point energy
calculations, the hybrid HSE06 functional provided excellent
agreement with the band gaps and valence band positions with
respect to the experimental results. Compared with anatase TiO,,
both NH,TiOF; and (NH,),TiOF, have wider band gaps and deeper
valence bands, which indicates the application of both materials to
areas that require deep UV response. The direct or pseudo-direct
band gaps also point towards application in optoelectronic
areas. According to these experimental and computational results,
a preliminary attempt was also made to use immobilised
NH,TiOF; as a photocatalyst for the degradation of organic dyes.
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A reasonable photocatalytic activity was observed and further
improvement is believed to be possible by constructing appropri-
ate orientation of NH,TiOF; crystals or doping with other ele-
ments. Collectively, this work may inspire future work that can
exploit in applications the specific semiconductor properties of
NH,TiOF; and (NH,),TiOF,.
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