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We report on a non-oxidative topochemical route for the synthesis of a novel indate-based
oxyfluoride, LaBalnOsF2, using a low-temperature reaction of Ruddlesden—Popper-type
LaBalnO4 with polyvinylidene difluoride as a fluorinating agent. The reaction involves the
replacement of oxide ions with fluoride ions as well as the insertion of fluoride ions at
interstitial sites. From the characterization via powder X-ray diffraction (PXRD) and Rietveld
analysis as well as automated electron diffraction tomography (ADT) it is deduced that the
fluorination results in a symmetry lowering from 14/mmm (139) to monoclinic C2/c (15) with
an expansion perpendicular to the perovskite layers and a strong tilting of the octahedra in the
ab plane. Disorder of the anions on the apical and the interstitial sites seems to be favored. The
most stable configuration for the anion ordering is estimated based on an evaluation of bond
distances from the ADT measurements via bond valence sums (BVSs). The observed
disordering of the anions in the oxyfluoride results in changes of the optical properties and thus
shows that the topochemical anion modification can present a viable route to alter optical
properties. Partial densities of states (PDOSs) obtained from ab initio density functional theory
(DFT) calculations reveal a bandgap modification upon fluoride-ion introduction which
originates from the presence of the oxide anions on the interstitial sites. The photocatalytic
performance of the oxide and oxyfluoride shows that both of the materials are

photocatalytically active for hydrogen (Hz) evolution.

1. INTRODUCTION

The development of energy-harvesting and energy-storage devices is a key challenge to meet
the requirements of a sustainable energy supply. Energy storage is important to establish the
transition from fossil fuels to reliable renewable energies.! Harvesting the abundantly available
solar energy and converting it into required energy forms, such as electricity or chemical

energy, lies at the core of sustainable energy research.? The photocatalytic approach is one of
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the greenest ways to harvest solar energy and directly generate hydrogen by using a

photocatalyst.> #

In photocatalysis, a semiconductor absorbs light and thereby generates charge carriers that can
catalyze redox reactions at the surface.> An optimal photocatalyst for hydrogen formation from
water should exhibit high stability, broad visible-light absorption, and low electron—hole (e —
h*) recombination rates.® Recently, significant efforts have been put forward to design new
functional materials suitable for photocatalysis. Perovskites, layered perovskites, and
derivatives are promising photocatalysts due to their excellent structural properties and
compositional flexibility.” 8 Among the various perovskite-related phases, Ruddlesden—
Popper-type (RP) phases have attracted particular interest because of their superior

photocatalytic activity, visible-light response, and unique optical and electronic properties.® °

The RP series An+1BnOszn+1 (for n = 1 also referred to as KaNiFs-type structure) can be
understood as being built of alternating perovskite ABO3 layers of thickness n and rock salt
type AO-layers.’® The highest symmetry of these phases is I4/mmm. At least two
distinguishable crystallographic sites exist for anions (labelled X in the following), i.e.,
equatorial (X1(q), 4c) and apical (X2@p), 4€) anion sites (Figure 1). Depending on the B-site
metal and its stability in different oxidation states (as encountered for d- or p-block elements),
many RP-type compounds possess the flexibility to deviate from their stoichiometric anion
composition. The flexibility originates from the presence of large interstitial anion sites (X3(iny),
4d) within the rock salt-type layers.** Due to this flexibility, compounds with multiple types of
anions can be prepared. If the interstitial sites are fully filled by oxide ions, the respective
compound possesses the Aurivillius-type structure, as found, for example, in Bi2WQs.*? It is
also possible to fill the interstitial sites with fluoride ions. This has been demonstrated by our

research group for LaSrMnOs La,CoOs" and La;NiOs** via electrochemical and
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topochemical methods, which are required due to the metastability of such oxyfluoride phases.
Apart from oxidative fluoride ion insertion, it is also possible to substitute one oxide ion by
two fluoride ions (substitution of one oxide ion by one fluoride ion and an additional
intercalation of one fluoride ion in an interstitial site), leading to An+1BnO3sn+1-xF2x With 0 < x <
2.15:18 Sych substitutive topochemical fluorination reactions can be performed with fluoride-
containing polymers, e.g., polyvinylidene difluoride (PVDF, (CH2CF2)n)*® " with n denoting

the number of monomers.

c
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<« apical (ap)
T interstitial (int)
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Figure 1 General schematic of the Ruddlesden—Popper structure An+1BnOszn+1 (N = 1) with
equatorial (eq) and apical (ap) anion sites, and space for interstitial (int) anion sites within the
rock salt layers.

A few RP-type materials such as strontium titanate (Sr2TiOs), alkaline earth metal-lanthanum-
titanate (AELasTisO15, AE = CalSr/Ba), lithium calcium-tantalates (Li-CaTa.O7), and
strontium tin oxides (Sr.SnQO4) have been reported to be efficient hydrogen evolution catalysts
with bandgaps of 3.52 eV, 3.79-3.85 eV, 4.36 eV, 4.6 eV, respectively.® " ® 18 The wide
bandgaps impose limitations, specifically these compounds are active in UV light only and thus
not sustainable enough to harvest solar energy. Indium-based compounds such as AInOz (A =
Ag, Na, Li), and AEIn,O4 (AE = Ca, Sr, Ba) are also known as photocatalysts.'® Indeed, indate

based oxide materials® 2° are of interest for a range of functional properties due to their optical

4
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features.?! Though more complex indates are known to exist in the RP-type structure with a
general formula of LnAEInO4 (Ln = lanthanides, Y; AE = alkaline earth metals®?), their

photocatalytic properties have not been reported so far.

Within the present study, we report on the synthesis of the RP phase oxide material LaBalnO4
and its oxyfluoride counterpart LaBalnOzF. via topochemical fluorination. Topochemical
fluorination of the oxide material with PVDF leads to a transformation of the crystal structure
from body-centered tetragonal to C-centered monoclinic symmetry with a disordered anion
sublattice. The transformation has a significant impact on the optical properties, which we
analyze by density functional theory (DFT) calculations. Photocatalytic performance reveals
that both compounds, LaBalnO4 and LaBalnOsF2, are photocatalytically active in sacrificial

H, evolution.

2. EXPERIMENTAL

2.1 Materials & Synthesis Method

LaBalnO4 and LaBalnOsF2: The RP-type phase LaBalnO4 was synthesized by using a solid-
state reaction method. La2O3 (Alfa Aesar, 99.9%) dried at 1100 °C for 3 h, In203 (Alfa Aesar,
99.9%), and BaCOs (Alfa Aesar, 99%) were used. Stoichiometric amounts of the starting
materials were mixed using a planetary ball mill (ZrO- grinding jar and balls at 600 rpm for 1
h) and calcined twice at 1300 °C for 24 h in air with a heating and cooling rate of 2 °C min™
and with an intermediate homogenization with mortar and pestle. For the topochemical
fluorination of LaBalnO4to LaBalnOsF», the oxide was hand-milled with the fluorinating agent
poly(vinylidene fluoride) (CH2CF2)n (PVDF; Sigma-Aldrich) in a molar ratio of 1:1 (in the
given chemical equation below: x = 1 corresponds to 2 F per LaBalnOs unit) and heated at 370
°C for 24 h in air with a heating and cooling rate of 2 °C min™.1® " The chemical equation for

this process is given by
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A
LaBaInO, + x/n(CH,CF,), + 2x 0, — LaBaInO,_,F,, + 2x CO, + x H,0

2.2 Characterization

2.2.1 Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) patterns were recorded on a Rigaku SmartLab diffractometer
with a wavelength A of 1.540596 A in an angular range of 20 from 10° to 130° with a scan
speed of 0.4°/min and 0.005°/step in Bragg—Brentano geometry with Cu radiation (Kq: and Kq2
with an intensity ratio of 2:1) with a HyPix-3000 detector. Analysis of diffraction data was
performed using the Rietveld method with the program TOPAS V 6.0% on the whole 26 range.
The instrumental intensity distribution was determined by using a reference scan of LaBs
(NIST 660a). The microstructural parameters (crystallite size and strain broadening) were
refined to adjust the peak shapes. Different isotropic thermal parameters were refined for the
different crystallographic sites.

2.2.2 Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR)

spectroscopy and Thermogravimetric analysis (TGA)

FTIR spectroscopy measurements were done by using ATR-FTIR, BRUKER TENSOR I1.
ATR-FTIR involves the collection of radiation reflected from the interfacial surface between
the sample and a reflection element (ATR crystal). Evanescent waves emanate from the crystal
and penetrate the sample.?* The measurements were recorded from 400-4000 cm™ range at

ambient condition.

Thermogravimetry analysis (TGA) was performed under argon atmosphere on an STA 449 F3
System (Netzsch-Geratebau GmbH, Selb, Germany) with a silicon carbide furnace, TG-DSC
sample holder system and type S thermocouple. Heating and cooling rates were 10 K.min™.

For the measurement, 23.9 mg and 14.2 mg were used for LaBalnOs and LaBalnOsF»,
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respectively. The aged samples stored at ambient conditions were used for ATR-FTIR as well

TGA measurements.

2.2.3 Transmission Electron Microscopy Characterization and Automated Diffraction

Tomography (ADT)

A powdered sample of LaBalnOsF2 was dispersed in n-hexane using an ultrasonic bath and
sprayed on a carbon-coated copper grid using an ultrasound sonifier for electron dispersive X-
ray spectroscopy (EDX) and automated electron diffraction tomography (ADT) studies.
Measurements were carried out with a FEI TECNAI F30 S-TWIN transmission electron
microscope equipped with a field emission gun and working at 300 kV. For fast and automated
diffraction tomography (Fast-ADT)? experiments, a 10 pm condenser aperture, spot size 8,
and gun lens 6 were set to produce a quasi-parallel beam of 200 nm in size. Scanning
transmission electron microscopy (STEM) images were collected using a Fischione high-angle
annular dark-field (HAADF) detector. Electron diffraction patterns were acquired with an
UltraScan4000 charge-coupled device (CCD) camera provided by Gatan (16 bit, 4096 x 4096
pixels). Hardware binning 2 and an exposure time of 2 seconds were used for the acquisition.
Fast-ADT data sets were acquired with an automated acquisition module developed for FEI
and JEOL microscopes, which allows the acquisition of electron diffraction tomography in
around 10 min for conventional CCD cameras and a fixed-tilt step of 1°. Precession electron
diffraction (PED) was coupled to the Fast-ADT data collection to minimize the dynamical
effects and improve the reflection intensity integration quality. PED was generated utilizing
the DigiStar system developed by NanoMegas SPRL and it was kept to 1°. Three-dimensional
processing of the Fast-ADT data was analyzed by the eADT?® software package. Sir2014%” was
used for the ab initio structure solution, and Jana2006 was later used for crystal structure

refinement. Intensity extraction for the dynamical refinement was done by Jana2020.%8
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2.2.4 X-ray Absorption Spectroscopy (XAS)

High-energy-resolution fluorescence detected X-ray absorption spectra (HERFD-XAS) at the
indium L3z edge were measured at the beamline 1D26 of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. The incident energy was selected by the Si(111) reflection
of a double crystal monochromator. The intensity of the indium La1 (L3-Ms) emission energy
(3.287 keV) was recorded using a point-to-point, in-vacuum Johansson emission
spectrometer.?® Seven Si analyzer crystals oriented in (220) (Saint-Gobain, France) reflection
were used to select the emission energy, together with a multi-wire gas proportional counter.
The intensity was normalized to the incident flux and the spectra were normalized to the
spectral area. The samples were mixed in a 1:1 ratio with cellulose and pressed into pellets

before measurement.
2.2.5 Optical Characterization

UV-Visible diffuse reflectance spectroscopy (UV-Vis DRS) of the synthesized compounds was
recorded in the wavelength range of 240-2000 nm (5.2-0.6 eV) at room temperature on a J&M
TIDAS UV-Vis-NIR spectrophotometer equipped with a reflection measuring head. As
reference a BaSO, standard was used. By applying the Kubelka—Munk (K—M) function, we
determined the optical band gaps for these compounds employing linear fits of the detected
curves. Using the K—M relation, the reflectance (R,) is converted into absorbance via the K—
M function (F(R.)) which is given by F(Rx) = (1 — Rx)%2R.. In this present study, a direct
‘Energy vs Absorbance’ plots were determined.

For photoluminescence (PL) spectroscopy, the synthesized compounds were dispersed in
acetone and sonicated for 5 min at room temperature. The obtained slurry (40 uL) was
deposited on a cleaned silicon wafer to obtain a thin film deposition and dried at room

temperature for 2 h. The silicon wafers (10x10 mm?) were cleaned by consecutive sonication
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in deionized H,O and acetone with subsequent extensive washing prior to the deposition of the
sample. PL measurements were performed at room temperature. The emission spectra were
recorded with the spectrofluorometer Spex FluoroLog 3, Horiba Jobin Yvon, Germany.

2.2.6 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images of the calcined samples were taken by using the
secondary electron detector of a Philips XL30 FEG scanning electron microscope operating at
30 KeV accelerating voltage. To prevent the samples from charging, a thin gold coating of 10
nm was sputtered prior to the measurements.

2.2.7 X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) measurements were carried out in a Thermo VG
Thetaprobe system (Thermo Fisher Scientific, USA). The monochromatic X-ray source
produced an Al Ka radiation (4v = 1486.68 eV) with an electrical power of 100 W. The probed
excitation circle on the sample was 400 um. The base pressure of the XPS analysis chamber
was 3x107%% mbar. For all measurements a survey measurement was taken with a pass energy
of 200 eV and 5 scans. The used dwell time was 50 ms and the step width 0.2 eV. For all single
scan measurements, we used the instrument’s snap scan mode with 500 scans, each 1 sec. The
measurements were fitted using the fitting routines included in the XPS software Advantage.
Here we used the Powell-fitting algorithm and the smart-Background subtraction. The
calibration of the measured binding energy was done and periodically proved with a silver

calibration sample. The measured peak position was compared to the nominal one.
2.2.8 Experimental Evaluation of Photocatalytic Hydrogen Evolution

Photocatalytic hydrogen evolution experiments were performed with both LaBalnO4 as well
as LaBalnOsF; to investigate the photocatalytic activities of the materials synthesized. For this

purpose, 40 mg powder samples of each compound were dispersed in a mixture of 550 mL DI-
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H20O and 50 mL ethanol, ultrasonicated for 10 minutes before filling into the reactor at a
temperature of 10 °C (Lauda Proline RP845) and a gas flow rate of 100 mL/min Ar 5.0
(Bronkhorst EI-Flow Select). A double-walled glass reactor with a double-walled borosilicate
inlet was used for the housing of the lamp. A non-continuous iron-doped Hg light source with
500 W power was used as a lamp (TQ718-Z4 Peschl Ultraviolet). The samples were stirred
during the reaction process. Gas evolution was measured with a quadrupole mass spectrometer
(HPR-20 Q/C Hiden Analytical), with one data point being collected approximately every 60
seconds. An aqueous solution of HoPtCls (Aldrich) was added through a septum using a syringe
before the lamp was started, resulting in in-situ photo-deposition of Pt as a 0.1 wt.% co-catalyst
onto the surface of the materials. The lamp was switched off after ~2 h. Note that mercury light
consists of several spikes at different wavelengths and is not a continuous light source, as
compared to Xe light (see supporting information (SI) Figure S1). The main role of a co-
catalyst in photocatalytic water splitting is to extract the photoexcited electrons from the
conduction band while providing as active sites for the gas evolution. Pt is known to be a good
hydrogen evolution co-catalyst due to its very low overpotential for this reaction. Ethanol, a
sacrificial agent, showed an H> evolution of only ca. 1/10 of the target materials and is
presented as a control test of the activity with respect to the synthesized materials (see Figure
12). The control test is performed with the aqueous solution of ethanol in absence of Pt co-

catalyst.

3. COMPUTATIONAL

3.1 Bond valence sum and global instability index

In order to evaluate the possible arrangements of O and F in LaBalnOsF», bond valence sums
(BVSs)*! and global instability indices (Glls)®? were calculated using the atomic positions

determined from ADT in combination with the lattice parameters from PXRD.

10
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BVSs and Glls for systems with partial occupancies, possibly including vacancies, can be
calculated according to the following equations. First, the bond valence sfj‘.ﬁ between site i

occupied by element « and site j occupied by element f is computed as

ap _ Ry — 1 :
sij =exp|——— |, (Equation 1)

B

where 7;; is the distance between sites i and j, R, is an empirical parameter specific for the

ionic pair e and £, and b is an empirical parameter independent of the ionic pair. Next, the bond

valences of the system are used to calculate site-occupancy-weighted sums S{* as

Sia = ZZlefxxfsgﬁ , (Equation 2)
a j B

where x/* is the occupancy of element « at site i. The occupancies should satisfy 0 < x* <1

and Y, x < 1. The BVS of site i is then obtained as a weighted sum according to

S = in“Si“, (Equation 3)

a

The Gll is finally obtained as the root mean square error of the BVSs from the formal valences

for all the atoms as

(S: — V)2
GIl = w (Equation 4)

where Vi is the site-occupancy-weighted average of the formal valence at site i, and N =

Yi X x{ is the number of atoms.

The BVS/GII calculations were performed using our own implementation with properly taking

care of partial occupancies as described above (SoftBV (Ver. 1.2)*® does not properly handle
partial occupancies). Based on literature values,3" * we utilized an RS* of 2.057 A%, 2.188 A,

11
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1.792 A, 2.172 A, 2.285 A and 1.902 A for La-F, Ba-F, In-F, La-O, Ba-O, and In-O,
respectively, while b = 0.37 A was used for all the ionic pairs. The cut-off distance was set to
6 A. As detailed below in section 4.4, we investigated 13 selected O/F arrangements, and the
one with 75 % and 50 % occupation of fluoride ions at the apical and the interstitial sites,

respectively, showed the lowest GIlI.
3.2 Ab initio DFT

To analyze the electronic structure of LaBalnO4 and LaBalnOsF», we conducted ab initio DFT
calculations. Figure 2 shows the investigated atomistic models of LaBalnO4 and LaBalnOzF».
The optimized structural parameters are tabulated in SI Table S1. To approximate the disorder
of La/Ba at practical computational costs, these two elements were put alternatingly in the
La/Ba planes. To achieve this, the simulation cell of LaBalnOs was constructed from a ¥2 x \2
expansion of the conventional unit cell shown in Table 1. For LaBalnOsF2, based on the GllI
analysis (see details in section 4.4), we considered the configuration where the fluoride ions

occupy 75 % and 50 % of the apical and the interstitial sites, respectively.

The ab initio calculations were done based on the projector augmented wave (PAW) method®®
implemented in VASP 6.3.0.3 The plane-wave cut-off energy was set to 520 eV, and
La 5s5p6s4f, Ba 5s5p6s, In 5s5p, O 2s2p, and F 2s2p orbitals were treated as valence states.
For the structural optimization, the generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof (PBE) form®” was employed. The Brillouin zones of LaBalnOs and
LaBalnOsF2 were sampled by I'-centered 6x6x3 and 3x6x6 k-point meshes, respectively, and
Gaussian smearing with a width of 0.1 eV was employed. In each ionic step, total energies
were minimized until they converged to within 1 x 107 eV per simulation cell. Cell volume,
cell shape, and internal atomic positions were optimized so that the forces on atoms and the

stress components on the unit cell became less than 1x1072 eV/A and 1x10™* eV/AS,

12
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respectively. The partial densities of states (PDOSs) were then computed using the hybrid
functional in the Heyd—Scuseria—Ernzerhof form3 with the parametrization of Krukau et al.
(HSE06).% To reduce the computational costs, the PBE-optimized structures were adopted,
and reduced k-point meshes of 4x4x2 and 2x4x4 were applied for LaBalnO4 and LaBalnOsF,
respectively, together with the tetrahedron method with the Blochl correction.® For the
projection of the plane waves onto atomic regions, following our previous study,** we
considered radii that were 0.15 A larger than those of Shannon,*? i.e., 1.216 + 0.15 = 1.366 A
for La®* (1X), 1.47 + 0.15 = 1.62 A for Ba?* (1X), 0.8 + 0.15 = 0.95 A for In** (VI1), 1.4 + 0.15

=1.55 A for 0% (VI1), and 1.33 + 0.15 = 1.48 A for F~ (VI).

Figure 2 Atomistic models of LaBalnOs (a) and LaBalnOzF> (b) employed for the ab initio
calculations.

4. RESULTS AND DISCUSSION

4.1 Structural Analysis of LaBalnOa4 and its Fluorinated Phase LaBalnOsF2

PVDF-based methods for the fluorination of oxide materials are known for good stoichiometry
transfer; however, it is also known that for substitutive fluorination reactions different phases
can be stable, and not every value of x in A2BOs—F2x can be achieved.'® Thus, we examined

various ratios of x/n(CH2CF)» to LaBalnOs. It was found that a two-phase mixture containing

13
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the starting oxide compound plus another phase was formed in the range of 0 < x < 1 (see Sl
Figure S 2). For x = 1.05, we observed the disappearance of the starting oxide phase. Instead,
a pattern which is indicative for fluorinated RP-type phases with significant shifts of reflections
to smaller angles as well as splitting of some of the reflections (see Error! Reference source
not found.) was observed. This pattern could be indexed in the monoclinic crystal system with
lattice parameters of a =13.6284(3) A, b = 5.99217(10) A, ¢ = 5.92016(11) A, and g =
90.886(2)° with additional indication for a C-centered cell, which is in contrast to the tetragonal
symmetry found for the starting material (a = 4.17797(5) A and ¢ = 12.97255(19) A; note that
also lower symmetries have been reported for LaBalnO4 with a small orthorhombic distortion
and the space group Pbca, a = 12.933(3) A, b =5.911(1) A, ¢ = 5.905(1) A?> 4%, In Figure 4
(a), for LaBalnOg, the reflections appearing at 20 = 26.75°, and 27.21° correspond to Kg of
(103) and (110) reflections, respectively. The reflections at 26 = 27.44° correspond to the
allowed reflection (004) of 14/mmm. In addition to the oxyfluoride phase, another phase with a
broader reflection is observed at 26 of ~ 28°, which is, according to our experience, indicative
for a monoclinic phase with a higher fluoride content with a larger c lattice parameter (c =
16.502(12) A) (see Error! Reference source not found. (b)). We would like to emphasize that
the detailed structural model of this phase has not been determined. The reflections of the
highly fluorinated phase can be well fitted with a symmetry-lowered monoclinic phase, with
the atoms located on the pseudo-tetragonal sites and with a fully fluorinated sublattice, e.g., as
has been found for fluorinated La,CoOs,** while only relaxing the lattice parameters to some
degree. This additional phase could not be assigned to potential decomposition products such
as LaOF, BaF, etc. We acknowledge that increasing the value of x far above 1 resulted in
enhanced decomposition of the material (see Sl Figure S 2). The samples, LaBalnO4 and the
related oxyfluoride (LaBalnOsF>) were prepared various times and are reproducible with minor

differences in the lattice parameters of LaBalnOa, a = (4.17838 + 0.00033) (A); ¢ = (12.9729
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+ 0.0024) (A), and the fractions of the fluorinated phase to the highly fluorinated phase (5.71
+ 1.12) wt% in LaBalnOsF.. Additionally, Rietveld refinement scans for the angular range, 26

= 10-130°, of aged samples, LaBalnO4 as well as LaBalnOzF,, have been provided to the

supporting information Figure S 3.

ATR-FTIR transmission spectra studies (see SI Figure S 4) were performed to further confirm
that there is no residue of carbon and unreacted organic polymer left after heating the oxide
with PVDF. Furthermore, TGA results show (see Sl Figure S 5) that the initial weight loss
observed below 100 °C in both the cases, LaBalnO4 as well LaBalnOsF, is related to surface
water adsorption on the sample due to aging at ambient condition. The mass loss approximately

1.5 % was observed at a temperature around 200 °C which might be possible due to water

uptake in the aged samples.**
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Figure 3 PXRD patterns of LaBalnOs and LaBalnOsF.
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(findicates the highly fluorinated phase)

Oxide and fluoride ions are the weakest scatterers within the structural matrix of La/Ba/In, and
X-ray diffraction cannot provide sufficient information on the anion sublattice nor any details
on the structural distortion. To derive an improved structural model of the monoclinic phase
obtained after fluorination, a Fast-Automated Diffraction Tomography (FAST-ADT)
measurement was performed. The STEM image and the reflections obtained from the ADT
measurement are provided in the supporting file (SI, Figure S 6). The reflections obtained for
the cell of the main compound are found to be C-centered, h + k = 2n (001), and consistent
with a monoclinic phase with space group C2/c (15). The obtained structural parameters with
an observed R-value from the dynamical refinement of 10.93 % are shown in Table 1. This
structural model can be used to obtain an excellent fitting of the intensities observed via PXRD
within a Rietveld analysis, see Error! Reference source not found..

Table 1 Refined structural parameters for LaBalnO4 and LaBalnOzF (from PXRD and ADT).

The subscripts "eq"”, "ap", and "int" indicate the equatorial, the apical, and the interstitial
positions, respectively.

Wyckoff
Phase Atom X y z Occupancy
site
Lal de 0 0 0.35599(5) 0.5
LaBainO Bal 4e 0 0 | 0.35599(5) 05
[4/mmm (139)
In1 2a 0 0 0 1
a=4.17890(5) A
Ocq 4c 0 1/2 0 1
c=12.9732(2) A
4 17 1
V = 226.553(6) A Ox ¢ 0 0 0.17608
pr = 625, RBragg = 3571, GOF = 112 (PXRD)
LaBalnOsF» Lal 8f 0.39531 | 0.75254 | 0.47969 0.5
C2/c (15) Bal 8f 0.39531 | 0.75254 | 0.47969 0.5
16
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a=13.6284(3) A Inl 4d 1/4 1/4 1/2 1

b = 5.99950(9) A (O/F)eq 8f 0.26974 | 0.97685 | 0.72604 | 1 (in total)
¢ =5.92374(9) A :
(O/F)ap 8f | 0.40431 | 0.34090 | 0.53177 | 1 (in total)
£ = 90.886(2)°
(O/F)im de 12 | 097822 3/4 1 (in total)

V = 483.2597(3) A3

R(observed) = 1093, GOF = 584 (ADT)

Rup = 7.08; Reragg = 6.776; GOF = 3.30 (PXRD)

Measured (b) Measured
(a) Calculated Calculated
Difference Difference

, LaBaIlnO,F,, C2/c

-

-—-ﬁdJ L hli J_k_ M
higher fluorine RP-type phase
(c=16.502(12) A)

LaBalnO,, I4/mmm
H‘JL W N \K\
200 30 40 ) 50 60 70 20 30 40 50 60 70
20 [] 20 []

Intensity (a.u.)
Intensity (a.u.)

Figure 4 Rietveld analysis of PXRD data of LaBalnO4 (a) and LaBalnOzF (b).

The obtained structural model is similar to what was found for La,NiOsF,* and its slightly
reduced phase La2NiO3F1.¢3,%® reported previously by our group. The similarity arises from the
observation that only half of the interstitial anion sites are filled in an ordered way, which can
be considered as the main origin for the structural distortion. This implies an overall
composition of LaBalnXs (X = O/F). From the fact that In is quite stable in its trivalent
oxidation state, as confirmed by XPS and XAS analysis (see section 4.3), and from the
consistency of the structure with the amount of fluorination agent used, we conclude that the

new monoclinic phase has a composition close to LaBalnOzF».
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To evaluate possible anion ordering scenarios, the BVSs and the GllIs were evaluated for 13
selected O/F occupation patterns in LaBalnOsF2 based on the atomic positions determined from
ADT in combination with the lattice parameters from PXRD. Table S2 (see SI) shows the thus
obtained Glls in ascending order. Among the considered arrangements, the lowest Gl is found
for the configuration with 75 % and 50 % of fluoride ions at the apical and the interstitial sites,
respectively, which may thus be thermodynamically preferable. This is in contrast to
La;NiOsF2,* where the fluoride ions are located mainly at the apical anion sites. The highest
GIl is found for the configuration with full F occupation at the equatorial sites, which is
therefore unlikely to occur. Figure 5 shows the crystal structure of LaBalnOsF, obtained by

the combination of PXRD and ADT with the just-discussed anion ordering.

Figure 5 Crystal structure of LaBalnOzF, with an occupation of anions at the equatorial (Oeq),
apical ((O/F)ap) and interstitial ((O/F)int) sites with oxygen and fluoride in a 1:0, 0.25:0.75 and
0.5:0.5 ratio, respectively, with viewing directions along the b-axis (a), and the c-axis (b).

In comparison to the parent oxide LaBalnO4, LaBalnOsF. shows significant changes in bond

distances, which mainly originates from a tilting of the octahedra within the
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IN((O/F)eq)4((O/F)ap)2 subnetwork (see Table 2). First, the La/Ba ions show a change of
coordination environment due to the half filling of the interstitial sites. For the indium ions, a
strong decrease of the bond distance to the apical ions by ~ 0.11 A can be observed, which is
considerably higher than the difference of ionic radii of oxide and fluoride ions (A ~ 0.07 A).
For the fluorinated phase LaBalnOsF2, the anions on the interstitial sites possess the shortest
distance to La/Ba ions in the order of 2.52-2.56 A. At the same time, the anions on the
equatorial sites move further away from the indium ions by 0.04-0.05 A, which appears to be
facilitated by the strong shortening of the bond of the equatorial anion to one of the La/Ba ions
(from 2.83 A to 2.63 A). Therefore, the substitution and filling of the interstitial sites is
accompanied with changes of the bond distances and polyhedra in such a way that the charge

neutrality along the La/Ba/In remains well balanced locally.

Further, it is of interest to compare the structure of LaBalnOsF to related oxide and oxyfluoride
compounds. The difference of the two in-plane axes in LaBalnOsF; is quite low (5.99 A —
5.92 A =0.07 A), and thus much lower than what has been observed for LazNiOsF, (5.79 A —
5.49 A =0.30 A), regardless of the similarity in tilting of the octahedra. This can be explained
by the larger ionic radii*? of Ba?* than La%* and In®*, which increase the in-plane space
requirements, resulting in a significant increase of the long crystallographic axis (+0.62 A for
LaBalnOs — LaBaInOsF2 as compared to +0.17 A for La;NiOs — LazNiOsF2*). Similar
behavior was also observed recently by Jacobs et al.*’ for the LazNiOs — La2NiOsF, —
La2NiO2:sF3 series, where the Ni-Fg distance decreases with increasing interstitial anion

occupation.

LaBalnOsF is not the only RP-type indium-based oxyfluoride known: Ba2InOsF, a member of
the series Ba2InOsX (X = F, Cl, Br) was reported in the literature*® and can be synthesized by
high-temperature sintering of precursor salts of halides, oxides, and carbonates. The phase

crystallizes in the tetragonal space group P4/nmm and a full ordering of oxide and fluoride ions
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on the apical sites was found, which results in the existence of Ba-F and Ba-O layers originating

from the locally polar octahedral coordination environments In((O/F)eq)2((O/F)ap)2. The partial

structure of the perovskite blocks in the LaBalnOsF. crystal framework represents a tilting of

a‘b b in the Glazer notation, resulting in a monoclinic structure with the space group of C2/c

(see SI Figure S 7).

Table 2 Refined bond distances of LaBalnO4 and LaBalnOzF, (C2/c, 15).

Bond

Bond length (A)

LaBalnOs

LaBalnOsF2

(La/Ba) 1—(O/F)eq

2.829(2) (4x)

2.633(5) (1x)
2.780(5) (1x)
2.889(1) (1x)

3.307(9) (1x)

(La/Ba) l—(O/F)ap

2.293(6) (1x)

2.978(1) (4x)

2.487(7) (1x)
2.714(7) (1x)
2.789(4) (1x)

3.316(3) (1x)

(La/Ba)1—(O/F)int

2.520(5) (1x)

2.558(4) (1x)

I n1—(O/ F)eq

2.089(1) (4x)

2.130(6) (2x)

2.138(2) (2x)

I nl—(O/ F)ap

2.284(1) (2%)

2.177(6) (2%)

4.2 Analysis of Chemical States via Spectroscopic Methods
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XPS has been performed to study the elements present on the surface and their oxidation states.
The comparative XPS spectra of the oxide LaBalnO4 and oxyfluoride LaBalnOsF are shown
in Error! Reference source not found.. In the 3d XPS spectra show a shift on the order of 0.2—
0.3 eV to lower binding energies. Since the topochemical fluorination of LaBalnOs to
LaBalnOsF; is achieved via a non-oxidative substitutive chemical reaction where one O*"
anion is substituted by two F~ anions (conducting the reaction in air lowers the reductive power
of the polymer),*® the oxidation state of indium (In®*") in the octahedra should not change upon
fluorination. The shift in XPS should therefore be not attributed to a chemical shift due to a
change of the oxidation state but rather to the changes of cation—anion distances due to the
substitution of O? anions with F~ anions. The elemental spectra of F 1s confirm the presence
of fluorine atoms in LaBalnOsF2 (Figure 6). For LaBalnO4, the main peak of the O 1s spectrum
at 531.0 eV arises from lattice oxygen and is typical for similar perovskite systems.*® For
LaBalnOsF2, the O 1s spectrum also confirms the presence of interstitial O*>~ anions, which can
be seen as a shoulder towards lower binding energies. Such lower binding energies can be
expected due to the absence of bonding to the In®* ions, which would result in stronger covalent
bonds. In addition to this absence, the disorder of La/Ba and O/F also further influences the
shape of the O 1s peak in LaBalnOsF2. Particularly, the O 1s peak shows a shoulder around
528 eV. This may originate from the O* ions at the interstitial sites, which should have lower
binding energies than those at the equatorial or the apical sites. Further analyses of the Ba and
La spectra reveal the absence of additional peaks, meaning that there is no indication of the
formation of side products at the surface. La, Ba, and In have precise oxidation states (no mixed
valency as could be found in Ni/Co/Cu-RP-type compounds “>%%), and hence one can assign

an anion content close to LaBalnOsF; to this compound.
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Figure 6 Comparative XPS spectra of LaBalnO4 and LaBalnOzF2: (a) F 1s, (b) O 1s, (c) In 3d,

(d) La 3d, and (e) Ba 3d

X-ray absorption spectroscopy has been done to understand the local electronic environment

around indium inside the bulk. The XAS spectra for the Ls-edge of indium in LaBalnO4 and

LaBalnOsF; are presented in Error! Reference source not found.. The spectra of the oxide and

the oxyfluoride are mostly in agreement at the absorption edge and only show a small shift of

the first peak around 3.73 keV to lower energies by about half an eV upon fluorination,

consistent with the observation in XPS. Thus, we conclude that the bulk and surface of the

material behave similarly, and that both compounds show the same +3 oxidation state for

indium. In agreement with the structural changes, all changes in peak intensities can be

understood in terms of a competition between the bond distances within the perovskite layers

and the interstitial anions, and the resulting interplay among the O 2p, F 2p, and In 3d orbitals.
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Figure 7 Ls-edge XAS absorption of indium in LaBalnO4 and LaBalnOsF.

4.3 Optical Properties

To understand the recombination of photoexcited electrons and holes, steady-state room
temperature photoluminescence (RT-PL) measurements have been performed for a broad range
of excitation wavelengths. The results are presented in Figure 8. The comparison of the
emission spectra shows a clearly different emission behavior of LaBalnOs compared to
LaBalnOsF». In LaBalnO4, one main emission band centered at about 2.3 eV (540 nm) is
observed regardless of the excitation wavelength (Figure 8 (a)). This emission band likely
corresponds to direct band transitions (conduction band to valence band) leading to radiative
recombination. For the fluorinated compound LaBalnOsF. (Figure 8 (b)), in contrast, two
emission bands centered at about 2.7 eV (460 nm) and 3.5 eV (350 nm) can be seen. When the
fluorinated compound is excited with the lower wavelength of 280 nm, it produces a strong
emission spectrum at 2.7 eV and a weaker emission spectrum at 3.5 eV (about half of the
intensity found at 2.7 eV). The weaker spectrum at 3.5 eV becomes increasingly more
pronounced when the excitation wavelength is increased (excitation energy is lowered). Thus,
excitation with a wavelength of 290 nm results in two pronounced emission spectra, one at the
higher energy of 3.5 eV and the other at the lower energy of 2.7 eVV. When excited with further

increased wavelengths of 300-320 nm, the emission band at 3.5 eV becomes very dominant,
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while the emission band at 2.7 eV is seen only as a weak shoulder. The PL emission spectra
has been also measured at longer wavelength excitations ranging from 400-500 nm (see Sl
Figure S 8) which show further absorption at lower energy.

Based on the PL spectra, the fluorinated compound might have an indication for an indirect
gap (emission energy of 2.7 eV) inside of its fundamental, direct bandgap (emission energy of
3.5 eV). The emission energy of 2.7 eV corresponding to the indirect band gap is possibly
caused by delayed or non-radiative recombination in the form of heat. They might be induced
by the presence of the interstitial anions in the rock salt type layers and should help to mobilize
photoexcited carriers. The mobile carriers can lead to delayed radiative recombination and
hence delayed emission, which is also supported by comparing the intensity counts of the oxide
and oxyfluoride compound. For LaBalnOsF2, the counts are decreased by a factor of 100
compared to LaBalnOa, as shown in Figure 8. There is a strong correlation between the PL
emission intensity which results from the radiative recombination of free charge carriers and
the lifetime of the photoexcited e —h* pairs.>® A reduction in emission intensity can be
attributed to an enhanced carrier lifetime, suggesting that the fluorination leads to longer-lived
charge carriers. Furthermore, fluoride ions are capable of trapping photogenerated electrons
and promote the separation of e —h* pairs, since fluorine is the most electronegative element
thereby possessing a strong electron withdrawing ability which can reduce the recombination

of the photogenerated carriers.>
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Figure 8 RT-PL emission spectra of (a) LaBalnO4 and (b) LaBalnOzF; at different excitation
wavelengths as given in the legend. The shaded regions indicate emission bands with the
energy values reflecting the center of the region.

The UV-Vis DRS spectra shown in Figure 9 (see Sl Figure S 9 for absorbance vs. wavelength)
support the observation from the PL spectra. There is one main absorption edge for the oxide
material at about 1.8 eV, which can be matched with the single emission band observed in the
PL measurement (centered at about 2.3 eV). For the oxyfluoride, two absorption edges at about
1.9 eV and 3.3 eV are seen in the DRS spectra, which is likewise consistent with the two
emission bands in the PL spectra of the fluorinated compound. As for the type of the bandgap,
its determination from DRS measurements is in general difficult. However, the lower-energy
absorption edge in the oxyfluoride seems to originate from indirect transitions based on its
relatively small slope as compared to the higher-energy absorption edge. Such an interpretation
is indeed consistent with the PL intensity alluded to above. Overall, the results from the optical
measurements reveal a significant impact of the fluorination on the optical behavior. Further,
they confirm the potential of the present compounds to absorb light in the UV to the visible
region, making both materials potential candidates to harvest solar energy. LaBalnO4 appears
dark brown to the eye, whereas LaBalnOsF, powders possess a dull hue white represented in
the supporting information (see SI, insets of Figure S 9). In a recent study, Jacobs et al.*’

reported on the oxyfluoride system prepared by topochemical low-temperature fluorination of
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La2NiO4 with PVDF to La;NiOsF2 and La2NiO2sF3, which show a strong bandgap increase

compared to La;NiO4 (3.2 eV, 3.4 eV vs 1.3 eV, respectively).

(a) LaBalnOy (b) LaBalnO,F,
s
=]
@ .
2 //

/
__—-l-/
0 I 2 3 4 50 I 2 3 4 5
Energy (eV) Energy (eV)

Figure 9 UV-Vis DRS absorbance spectra of (a) LaBalnO4 and (b) LaBalnOzF». The regions
used for the linear fits to estimate the bandgaps are indicated by the orange, filled circles.

4.4 Optical Properties via DFT Calculations

To better understand the electronic structure of both LaBalnO4 and LaBalnOzF., we conducted
ab initio DFT simulations based on the HSEQ06 hybrid functional. Figure 10 shows the thus
obtained PDOSs per ion. Note that the PDOSs for the cations are much lower than those of the
anions near the valence-band maxima (VBMa), since the cations provide their valence
electrons to the anions. Therefore, to make all PDOSs similarly visible, we rescaled the PDOSs
of the cations by 15. For LaBalnOzsF», based on the Gl analysis (S| Table S2), we considered

the configuration with 75 % and 50 % of the apical and the interstitial sites occupied by fluoride

ions.
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Figure 10 PDOSs per ion obtained from ab initio DFT calculations with the HSEO06 hybrid
functional. The valence-band maxima (VBMa) are set as the reference, and the PDOSs of the
cations are scaled by a factor of 15 to make them visible.

For both the oxide and the oxyfluoride, the PDOSs just below the VBMa are made mostly of
the 2p electrons of the oxide ions. The PDOS peaks for the fluoride ions in LaBalnOsF: are, in
contrast, found 4 eV to 5 eV below the VBMa, regardless of which sites they occupy. The
fluoride ions hence do not contribute to the VBMa at least directly. For the conduction bands,
in LaBalnOs, all of the La 4f5d, Ba 5d, and In 5s orbitals contribute to the conduction-band
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minima (CBMa), while in LaBalnOsF», the 5s orbitals of In mostly contribute to the CBMa.
The obtained band gap is 4.0 eV in the oxide, while after fluorination it reduces to 3.5 eV. This
may be partly because of the narrowing of the energy bands for the oxide ions at the apical and
the interstitial sites just below the VBMa and possibly due to the broadening of the energy band
made of In 5s orbitals just above the CBMa. Due to the disorder of La/Ba and O/F, it is not
straightforward to evaluate whether the band gaps are direct or indirect solely from the DFT
results. The larger band gaps obtained from the calculations as compared to the experimental
DRS results may be caused by finite size effects in the calculations. Specifically, larger model

systems may be required to better capture the chemical disorder.

4.5 Morphological Properties and Photocatalytic Hydrogen Evolution

The fluorination reaction is a topochemical reaction performed at low temperatures. This can
be considered favorable for comparing chemically modified compounds in terms of surface-
sensitive properties such as photocatalytic activity, since surface morphologies should not
change significantly. To examine the morphology, SEM images were recorded and are shown
in Figure 11 for LaBalnO4 and LaBalnOsF2. For both compounds, the grains are irregular,
round-shaped particles, and the average grain size is in the micrometer range as typically
obtained from solid-state synthesis. The grain surfaces are clean without indication of
additional phases. No morphological changes were observed upon fluorination. Thus, we
conclude that both powders can be used to investigate and compare the intrinsic chemical

influence on photocatalytic properties.
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Figure 11 SEM images at two different magnifications of 650x (50um) and 6500x (5um). (a
and c) LaBalnQOg. (b and d) LaBalnOzF.

Photocatalytic hydrogen evolution experiments were performed on the oxide LaBalnO4 and
oxyfluoride LaBalnOsF2, in presence of the co-catalyst Pt (0.1 wt.%), to observe the
photocatalytic activities of both the compounds. The obtained results are presented in Figure
12 showing that both materials are photocatalytically active for sacrificial H> evolution, with
similar Hz evolution rates. The decline of the H> evolution rate observed in Figure 12 after 2
h shows that there is no hydrogen evolution in the absence of light. Moreover, the H, evolution
rates of the samples surpass by far the Hz evolution of the sacrificial agent—that is without any
photocatalytically active sample—showing that the vast majority of the evolved H. stems from

photocatalysis on the oxide/oxyfluoride samples.

It is worthwhile to stress that, for the fluorinated compound, despite the substantial changes in
the optical properties, the energy remains in the required range suitable for photocatalytic
water-splitting, and the hydrogen evolution rate stays nearly unaffected. This might be an
indication of better charge separation in the fluorinated samples.5? 53 However, further studies
are needed to understand this aspect in detail. Similarity of the activity between the oxide and

the oxyfluoride is surprising with respect to the altered optical properties upon fluorination,
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especially since an additional influence of surface wettability has been previously reported by
Kuriki and co-workers for Pb,Ti,Os4F12.>* The structural impact upon fluorination opens
possibilities for modification of RP-type structures to improve the chemical and optical
properties—and thereby the functional properties—without modifying the morphology.
Further studies to improve the morphology and microstructural architecture are necessary by

preparing materials with higher surface areas.>

with 0.1 wt.% Pt co-catalyst

Lamp Off

N
1

L=
1

LaBalnO,
LaBalnO;F,
———Ethanol (Control Test)

H, evolution / pmol 1
W
1

Figure 12 Photocatalytic activity for LaBalnO4 and LaBalnOsF; in sacrificial hydrogen
evolution with 0.1 wt% Pt as co-catalyst under UV light illumination.

5. CONCLUSIONS

We have shown that the fluorination of RP-type LaBalnO4 to LaBalnOsF: is possible at low
temperature via a topochemical route. The fluoride incorporation leads to symmetry lowering.
The fluorinated phase shows a strong expansion of the lattice along the stacking direction of
the perovskite layers, and a channel-like ordering of anions on the interlayer sites with disorder
of oxide and fluoride anions on the apical and the interstitial sites. The structural modification

has an impact on the optical properties and the color of the materials and thus on the band gap.
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PDOSs obtained from ab initio DFT simulations also confirm that the band gap is changed
after fluorination, which originates from the modified contribution of ions to the VBM and the
CBM. In addition, defect states in the oxide and oxyfluoride material are likely to have
additional influence on the optical properties. The observed photocatalytic activities for the
oxide LaBalnO4 and the oxyfluoride LaBalnOsF are similar regardless of the induced optical
changes, with a similar activity for hydrogen evolution. The structural impact suggested here
provides a novel approach for altering the chemistry and thus fine tuning of the functionality
of layered oxides, without modification of their microstructure. In future, the influence of
fluorination chemistry on materials parameters which correlate with the photocatalytic activity,
such as changes of the band gap, number of defect states, the impact on the lifetime of charge
carriers as well as hydrophilicity / -phobicity®* of the surfaces of the materials, need to be
further understood in order to exploit fluorination chemistry for improving functional

properties.
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For Table of Contents Only
] SYNOPSIS
A non-oxidative topochemical fluorination of LaBalnOs to LaBalnOsF2 were successfully
obtained which shows a strong expansion perpendicular to the perovskite layers, accompanied
by a strong tilting of the octahedra in the ab plane. The structural impact on the optical
properties has been studied. Additionally, we provide the ab initio density functional theory
(DFT) calculations in support of the structural-optical properties obtained experimentally. Both

the compounds, oxide as well oxyfluoride, show photocatalytically active for H, evolution.

14/mmm

Graphical Abstract: Crystal structure of LaBalnO4 and LaBalnOsF.
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