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We present a comparative study of n = 1and n = 2 Ruddlesden—Popper (RP) titanates Sr,TiO4 and Sr3Ti,O-,
as well as their oxyfluorides Sr,TiOsF, and SrszTi,OsF,4, synthesized via low-temperature topochemical
fluorination to study structure—property relationships in photocatalytic hydrogen (H,) evolution. In

SroTiOy, fluorination lowers the symmetry from /4/mmm to P4/nmm, placing Ti in a locally non-

centrosymmetric site and producing ordered, asymmetric TiOsF units. By contrast, SrsTi,O; retains its

tetragonal /4/mmm symmetry upon fluorination with Ti remaining in a locally non-centrosymmetric
environment. Photocatalytic H, evolution shows a ~6.3-fold enhancement for Sr,TiOsF, compared to
Sr,TiO4, which might be attributed to inversion symmetry breaking and the resulting internal local dipole
fields that promote charge separation. In contrast, SrzTi,O; exhibits much higher intrinsic activity than

SroTiO, (~30-fold), likely governed by dimensionality, while its fluorinated phase SrzTi,OsF4; shows

suppressed performance due to the absence of local polarity, which limits beneficial fluorination effects
and diminishes charge-separation efficiency, as supported by transient absorption spectroscopy (TAS)
results. TAS reveals distinct charge-carrier dynamics, with SrzTi,O; showing the highest photogenerated

electron population and Sr,TiOsF, exhibiting enhanced long-lived electrons, consistent with improved

charge separation. Density functional theory (DFT) calculations show that fluorination deepens the O 2p

valence band, slightly raises the Ti 3d conduction edge, and reduces c-axis dispersion, consistent with
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the UV-Vis and Butler—Ginley analyses. The resulting increase in electron effective mass suppresses

charge mobility along the c-axis, lowering conduction dimensionality. These findings establish anion
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1 Introduction

The global transition toward sustainable energy has brought
hydrogen (H,) into focus as a potential energy carrier. Among the
various strategies for H, production, photocatalytic water splitting
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sublattice engineering as a selective route to tune local symmetry, charge-carrier dynamics, and
photocatalytic performance in RP-type titanates.

offers a direct and environmentally benign route to convert solar
energy into chemical energy, with no intrinsic carbon dioxide
(CO,) emissions." At the core of this process lies the challenge of
developing semiconductor photocatalysts capable of efficient light
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absorption, charge-carrier generation, and catalytic redox activity
at the catalyst-reactant interface.>™*

Titanium-based perovskite oxides are among the most
studied photocatalysts for H, evolution, owing to their chemical
stability and typical non-toxicity, provided that the A-site does
not contain hazardous cations such as lead (Pb). Their suitable
conduction band (CB) positions for proton (H") reduction, with
activity further enhanced through doping, defect control,
nanoscale engineering, and co-catalyst loading.>® Beyond
simple ABO; perovskites, layered perovskite-related oxides have
attracted increasing attention for photocatalysis because their
structural anisotropy, inherent interstitial sites, and composi-
tional flexibility allow fine-tuning of structural, optical, and
electronic properties."*** Among these, the Ruddlesden-Popper
(RP) phases, with general formula 4,,.,1B,03,+1, have attracted
considerable interest. They are constructed from perovskite-like
ABOj; blocks periodically separated by rock-salt AO layers, where
the integer n determines the thickness of the perovskite block
and thus the dimensionality of the electronic and transport
properties.”® The layered topology of RP phases, with
a maximum tetragonal symmetry (I4/mmm, space group 139),
includes at least three crystallographically distinct anion (X)
sites, e.g., for n = 1: equatorial (X1, 4c), apical (X2, 4e), and
interstitial (X3, 4d). In contrast, for n = 2, the doubling of the
perovskite slab introduces two inequivalent apical positions:
one facing the rock-salt AO layer and the other within the
perovskite bilayer, equatorial (X1, 8g), apical central (X2, 4e),
apical terminal (X3, 4e), and interlayer (X4, 4c) within the AO
layers, which provides dimensional control, anisotropic trans-
port pathways, and broad tolerance for structural distortions
and chemical substitutions, making them a versatile platform
for structure-property engineering.'® This multiplicity of apical
sites provides further flexibility for anion substitution and
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defect accommodation upon topochemical modification. These
characteristics enable the incorporation or substitution of
additional anions, such as fluoride, into interstitial sites to form
mixed-anion compounds.'”**

Recent advances in mixed-anion chemistry highlight low-
temperature topochemical fluorination as a powerful strategy to
modulate symmetry and electronic states, thereby enhancing
charge separation and photocatalytic performance in layered
perovskite oxides.”* The layered RP framework, with its distinct
anion sites, can accommodate mixed-anion substitution that
alters local coordination and drives symmetry lowering.’****¢ This
structural flexibility enables fluorination to induce local polarity,
which facilitates more effective charge separation and improves
photocatalytic activity. This local polarity facilitates more effective
charge separation, thereby improving photocatalytic activity.
Polarity-driven enhancements have been reported in perovskite
and layered oxyhalide systems,*?**>** where topochemical
fluorination has induced pronounced local polar distortions,
underscoring the broader potential of mixed-anion chemistry to
tailor structural symmetry and functional properties.”” However,
these effects have not been systematically established for RP-type
titanates, while various strategies such as cation substitution and
heterostructure formation have been explored to enhance the
activity of layered titanates, reports on anion modification, espe-
cially fluorination, remain scarce, particularly for higher homo-
logues.  Prior studies have indicated that fluorine
incorporation can generate internal fields that aid carrier separa-
tion. For example, Yu and Xu* fluorinated Cr-doped Sr,TiO, to
Sr,Tig.005Cr0.0503F, and observed enhanced visible-light H,
evolution, which they attributed to uneven F ordering that creates
a built-in electric field across the RP layers. Furthermore, Jeong
et al.,> reported that the RP-type photocatalyst NiO/Sr;Ti,O, ach-
ieves overall water splitting, with activity strongly dependent on
the NiO loading method. Furthermore, recent work on fluorine-
enabled anion substitution in layered perovskites, such as the F-
expedited nitridation of Sr,TiO, using the oxyfluoride precursor
Sr,TiO3F, (n = 1), demonstrated that this approach enables higher
nitrogen (N) incorporation and suppresses Ti**/oxygen-vacancy
defects, thereby improving charge separation and water-splitting
performance.”

In this present study, we investigate the influence of topo-
chemical fluorination in RP-type titanates, Sr,.;Ti,O3,+1, ON
their corresponding oxyfluorides, St,,+1Ti,O(35+1)-xF2x ( = 1 and
2; x determined by the molar amount of polyvinylidene fluoride
(PVDF)), focusing on their structure-dependent properties in
the context of photocatalytic H, evolution, which has not been
previously addressed. Our results show that fluorination
predominantly governs structural symmetry and photocatalytic
activity, while having minimal influence on optical band gaps or
surface morphologies.

2 Experimental

2.1 Synthesis of oxides and oxyfluorides

The RP oxide phases, n = 1 and 2 (Sr,TiO,/Sr3Ti,0,), were
synthesized by using a solid-state reaction method as reported
earlier.”™ In this method, precursors of TiO, (Anatase, Alfa

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08602g

Open Access Article. Published on 12 March 2026. Downloaded on 4/3/2026 4:06:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Aesar, 99.9%) and SrCO; (Alfa Aesar, 99%) were dried at 500 °C
for 2 h. Stoichiometric amounts of the starting materials,
calculated to yield 5 g of product, were mixed in a 50 mL ZrO, jar
containing ten 10 mm ZrO, balls using a planetary ball mill
(Retsch PM 200 - a VERDER Company) at 500 rpm for 1 h,
and calcined twice at 1250 °C for 24 h in air with an interme-
diate hand-milling step; heating and cooling rates of 2 °C min ™"
were used. For the synthesis of Sr;Ti,O; (n = 2), a 3 wt%
excess of TiO, was used. For the topochemical fluorination of
Sry,41TinO3,41 (n = 1 and 2; also in this present study, #n = x) to
St,41T1,03r11)—xF2x, the oxide was hand-milled together with
the fluorinating agent poly(vinylidene fluoride) (CH,CF,),,, m
represents monomer units, (PVDF; Sigma-Aldrich) with the
molar ratio of 1/m (CH,CF,),, to Sr,TiO,/Sr3Ti,O, being 1.05: 1
and 2.1:1, respectively (i.e., a 5% excess), and heated to 370 °C
for 24 h applying heating and cooling rates of 2 °C min~" under
an air atmosphere.**** The corresponding reaction equations
are given in eqn (1) and (2), respectively.

Sr,TiO, + 1/m(CH,CF,), _, + 20, 1
SrzTiO3 Fz + 2C02T + HzOT (1)

SryTi,O; + 2/m(CH,CF,), _, + 40, =
Sr3Ti,OsF, + 4C0O, 1 + 2H,01  (2)

2.2 Characterization

2.2.1 Powder X-ray diffraction (PXRD) and Rietveld refine-
ments. PXRD patterns were collected using a Rigaku SmartLab
diffractometer in Bragg-Brentano geometry with a Cu-K, source
(K,1 and K,, with an intensity ratio of 2:1) and a HyPix-3000
detector, without a monochromator. Data were recorded over
an angular range of 26 from 5° to 130°, with a step size of 0.005°
and a scan speed of 1°-min~". Analysis of diffraction data was
performed using the Rietveld method with the program
TOPASV6.0 (ref. 55 and 56) covering the entire 26 range. The
instrumental intensity distribution was determined using
a reference scan of LaBg (NIST 660a). The microstructural
parameters (crystallite size and strain broadening) were refined
to adjust the peak shapes. Thermal displacement parameters
were constrained to be the same for all atoms of all phases to
minimize quantification errors and correlation with occupancy
parameters.

To evaluate the structural stability of the RP-type oxides and
oxyfluorides in aqueous environments, PXRD measurements
were performed on Sr,TiO,, Sr,TiOsF,, Sr3Ti,0, and Sr3Ti,Os5F,
after dispersing the samples in water (1 mg mL™ ") and allowing
them to soak for 24 h under ambient conditions. For this, the
aqueous slurries of the materials were drop-cast onto low-
background, single-crystalline Si wafer XRD substrates, and
measurements were performed under wet conditions.
The structural models for the oxides Sr,TiO, (n = 1, tetragonal,
I4/mmm, ICSD Collection Code: 20293) and Sr3Ti,O; (n = 2,
tetragonal, J4/mmm, ICSD Collection Code: 20294) as well as
their oxyfluorides Sr,TiOzF, (n = 1, tetragonal, P4/nmm,
ICSD Collection Code: 95266) and Sr3Ti,O5F, (n = 2, tetragonal,

This journal is © The Royal Society of Chemistry 2026
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I4/mmm, ICSD Collection Code: 141713) were adopted from the
ICSD database and used as starting models for Rietveld analysis
of the XRD data.

In addition, all the samples were characterized by PXRD after
photocatalytic hydrogen evolution to assess phase stability
following photocatalytic performance, using a Malvern PAN-
alytical Empyrean XPert Pro device equipped with a PIXcel 1D
detector generating Cu-K, irradiation (1, = 1.5406 A; A, =
1.54443 A) using an emission current of 40 mA and an accel-
eration voltage of 40 kV. Measurements were carried out with
a scattering slit of 1°, a step size of 0.0660°, and a scan step time
of 151.7250 s.

2.2.2 UV-visible diffuse reflectance spectroscopy. Ultra-
violet-visible diffuse reflectance spectroscopy (UV-Vis DRS) data
of the synthesized compounds were recorded at room temper-
ature over a wavelength range of 240-2000 nm (5.2-0.6 eV) using
a J&M TIDAS UV-Vis-NIR spectrophotometer equipped with
a reflection measuring head. A BaSO, standard was used as
a reference. The optical response was assessed by calculating
apparent absorbance as:

A = —log(R) (3)

where A is the absorbance and R is the reflectance, and by
plotting the Kubelka-Munk (K-M) function F(R.) directly
against wavelength. The optical band gaps of the samples were
estimated using the K-M function,* which transforms diffuse
reflectance data into absorbance-like values suitable for
powdered samples.® The reflectance of an optically thick
sample (R.) was converted using the relation:

F(R.) =(1 — R)*(2R.,) (4)

where F(R..) approximates the absorbance. In this study, band
gaps were determined by plotting photon energy (Av) directly
against the Kubelka-Munk absorbance function F(R..), i.e., an
‘energy vs. absorbance’ plot, and estimating the onset of
absorption from the inflection point or linear rise in the curve.

2.2.2.1 Butler-Ginley electronegativity approach for band-edge
estimation. Band positions were estimated from the UV-Vis DRS
optical gaps using the Butler-Ginley approach.**** The
elemental Mulliken (absolute) electronegativity for each
constituent, x; (eV), was obtained from tabulated ionization
energies (IEs) and electron affinities (EAs) using tabulated
datasets®* via the following equation:

1
Xi = 5 (IE; + EA)) (5)
The averaged Mulliken electronegativity of the formula unit,
X (eV), was evaluated as the stoichiometric geometric mean of

the absolute Mulliken electronegativities (in eV) of the constit-
uent elements as follows:

I/Zn,
%= (HX) )

J. Mater. Chem. A
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where n; is the number of atoms of element i in the formula
unit. The conduction and valence band edge positions of the RP
oxides and oxyfluorides were estimated using the Butler-Ginley
electronegativity method,** while the experimentally derived
optical band gaps (E;) from UV-Vis DRS were used as input
parameters, which can be calculated as:

ECB =X _Ee - % Eg (7)

The valence/conduction band edge relative to the normal
hydrogen electrode (NHE) was obtained from the following
equation:

EVB = ECB + Eg (8)

where Ecg and Eyg stand for the conduction band edge potential
and valence band edge potential, respectively, and E, refers to
the energy of free electrons on the hydrogen scale (E. = 4.5 eV).
Band edges are reported vs. NHE (Butler-Ginley). To account for
the solution conditions, these values were further converted to
the reversible hydrogen electrode (RHE) scale at the relevant pH
(=7.0) and the factor 0.059 at 25 °C, as derived from the Nernst
equation, as follows:

E(RHE) = E(NHE) —0.059 pH (9)

For all calculations we used a single, consistent elemental x
dataset (Mulliken absolute scale, in eV): Sr = 2.87 eV, Ti =
3.45¢eV, 0 =7.54 eV, and F = 10.40 eV.*** This semi-empirical
procedure typically carries an uncertainty of ~0.2-0.3 eV.%
Additionally, for comparison with our earlier RP-type indate
oxide/oxyfluoride system (LaBalnO,/LaBalnO;F,),* we applied
the same protocol using the same dataset, La = 3.07 eV, Ba =
2.68 eV, In = 3.09 eV, O = 7.54 €V, F = 10.41 eV,** and the
corresponding x values with Ecg and Eyg are calculated.

2.2.3 Transient absorption spectroscopy (TAS). Transient
absorption spectroscopy data were recorded with an LP980
spectrometer (Edinburgh Instruments) in diffuse reflectance
geometry. Prior to the measurements, the powder samples were
filled in a quartz cuvette in each case, flushed with argon (Ar), and
sealed gas-tight with parafilm. The pump laser pulse excitation
was set to 355 nm (Nd:YAG laser produced by Ekspla, NT340). A
150 W Xenon arc lamp was used as the probe pulse. The decays
were fitted with mono- or biexponential decay functions using
Origin 2019. Furthermore, due to the increased baseline in the
TAS decays the fitting for the biexponential was first performed in
the range between 0 and 150 ns with a monoexponential decay
function, and afterward the received values were implemented in
the biexponential decay fitting for the whole range (0 to 2500 ns).

2.2.4 Scanning electron microscopy (SEM). To see the
morphological features of oxides and their oxyfluorides, SEM
images were taken. The SEM, equipped with a secondary elec-
tron detector, was operated on an FEI SCIOS dual beam
instrument operated at an accelerating voltage of 30 keV. The
powder samples were deposited on carbon tape. To prevent
surface charging during imaging, a thin gold coating of
approximately 10 nm was sputtered onto all samples prior to
measurement.

J. Mater. Chem. A
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2.2.5 Brunauer-Emmett-Teller (BET) surface area
measurements. Nitrogen (N,) physisorption measurements
were performed to analyze the surface area of the materials
synthesized. The adsorption and desorption isotherms were
recorded using an Autosorb iQ from Quantachrome Instru-
ments. Before the measurements, approximately 700 mg of the
samples were heated up to 350 °C under vacuum and were
outgassed for 7 h. Afterwards, the N, physisorption measure-
ments were performed in a liquid N, bath at —196 °C. From the
adsorption isotherms, the surface areas were calculated using
the Brunauer-Emmett-Teller (BET) method.

2.2.6 X-ray photoelectron spectroscopy. To determine the
oxidation states of the oxyfluorides relative to their parent
oxides, we performed X-ray photoelectron spectroscopy (XPS)
using a Thermo Fisher Escalab 250 spectrometer implemented
at the DAISY-SOL cluster tool. It is equipped with an Al K,, X-ray
source (monochromatic Thermo Fisher XR6, iv = 1486.74 eV).
Survey and high-resolution spectra were measured in fixed
analyzer transmission mode with a pass energy of 50 eV (step
size of 0.5 eV) for the survey and 20 eV (step size of 0.05 eV) for
the core levels. The system was calibrated to the 0.00 eV binding
energy of the Fermi level of sputter-cleaned Ag, as well as to the
emission lines of Au 4f;,, at 83.98 eV, Ag 3ds, at 368.26 eV, and
Cu 2p3,, at 932.67 eV binding energy with deviations <0.1 eV.
Charge compensation during XPS measurements was achieved
using a flood gun, with the voltage carefully tuned to minimize
differential charging. Energy calibration was carried out using
the C 1s and O 1s reference peaks. The data analysis was per-
formed with CasaXPS, version 2.3.18. Because charge
compensation was applied using a flood gun, the sample
potential was not rigidly coupled to the spectrometer ground.
Consequently, absolute energy referencing to the Fermi level or
determination of the valence band maximum was not consid-
ered reliable. Instead, spectra were calibrated using the C 1s
(285 eV) and O 1s peaks as internal references. The Ti 2p core-
level spectra were fitted using a Shirley background and Lor-
entzian-asymmetric (LA (1.53,243)) line shapes. The Ti 2p;/, and
Ti 2p4/, components were constrained by a spin-orbit splitting
of 5.7 eV and an area ratio of 2 : 1, consistent with the expected
spin-orbit coupling of Ti 2p states. The full-width at half
maximum (FWHM) values were kept within physically reason-
able limits for each chemical state. Quantification was carried
out using Scofield photoionization cross-sections.®®

2.2.7 Experimental evaluation of photocatalytic hydrogen
evolution. Photocatalytic H, evolution experiments were per-
formed with all oxides and their respective oxyfluorides to
investigate the photocatalytic activities. For this purpose, 40 mg
powder samples of each compound (freshly synthesized) were
dispersed in a mixture of 550 mL of ultrapure water system A 32
(VWR) and 50 mL of ethanol (VWR Chemicals), and then
ultrasonicated for 10 min before being filled into the reactor.
Before irradiation, the dispersion was cooled and maintained at
a temperature of 10 °C (Lauda Proline RP845) using a double-
walled glass reactor, and flushed with Ar (99.999% purity) at
a gas flow of 100 mL min "' (Bronkhorst El-Flow Select) to
remove all air. A double-walled borosilicate inlet was used to

This journal is © The Royal Society of Chemistry 2026
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house the lamp, blocking all wavelengths below 250 nm. A
noncontinuous iron-doped Hg light source with 500 W power
was used as an immersion lamp (TQ718-Z4 Peschl Ultraviolet).
The samples were stirred during the reaction process. Gas
evolution was measured using a quadrupole mass spectrometer
(HPR-20 Q/C Hiden Analytical), with one data point being
collected approximately every 60 seconds. An aqueous solution
of H,PtClg (Carl Roth, 99.995%) was added through a septum
without exposing the reactor to air, 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 within the
first seconds of irradiation. The lamp was switched off after 2
hours. A schematic representation and a corresponding
photograph of the immersion-lamp photocatalytic reactor used
in the laboratory are provided in the SI Fig. S1. Note that
mercury light consists of several spikes at different wavelengths
and is not a continuous light source, as compared to Xe light
(see SI, Fig. S2). Photocatalytic activity is therefore evaluated
and discussed for all the samples in terms of hydrogen evolu-
tion rates measured under identical experimental conditions.
The main role of a co-catalyst in photocatalytic water splitting is
to extract the photoexcited electrons from the CB while
providing active sites for the gas evolution. Pure ethanol,
employed as a sacrificial agent (hole scavenger) to suppress
electron-hole recombination, yielded only 0.5 umol h™" of H,
after 0.5 h of light irradiation (SI, Fig. S3), which corresponds to
ca. 1/13 of the activity of Sr,TiO,, ca. 1/110 of Sr,TiO;F,, ca. 1/
160 of Sr;Ti,O,, and ca. 1/5 of Sr;Ti,OsF,4, underscoring that
the observed H, evolution arises predominantly from the pho-
tocatalytic reaction rather than from decomposition of the
sacrificial agent.

Apparent quantum yield (AQY) values are not reported
because the immersion-type Hg lamp used provides multiple
discrete emission lines that cannot be isolated to a single
excitation wavelength, such that a single-wavelength AQY is not
physically well defined; photocatalytic trends are therefore di-
scussed based on hydrogen evolution rates measured under
strictly identical conditions.

3 Computational methods
3.1 DFT band structure

To analyze the electronic structures of Sr,TiO,, Sr,TiO;F,,
Sr;Ti, 05, and Sr;3Ti,O5F,, we conducted density functional theory
(DFT) calculations using the CASTEP package.®® The plane-wave
pseudopotential method with ultrasoft pseudopotentials was
adopted to describe the electron-ion interactions, and the
exchange-correlation energy was treated within the generalized
gradient approximation (GGA) using the Perdew-Burke-Ernzer-
hof (PBE) function.” The plane-wave cut-off energy was set to
600 eV. Sr(4s, 4p, 5s), Ti(3s, 3p, 3d, 4s), O(2s, 2p), and F(2s, 2p)
orbitals were treated as valence states. For each composition
(on Sr,TiO,, Sr,TiOsF,, Sr3Ti,0, and SrsTi,OsF,), the experi-
mentally determined structures (space groups and atom types as
refined from PXRD) were used as starting models, and only the
atomic positions were relaxed using the Broyden-Fletcher-
Goldfarb-Shannon (BFGS) algorithm prior to the electronic-

This journal is © The Royal Society of Chemistry 2026
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structure analysis, in order to allow a reasonable comparison
with the experimental data. Brillouin-zone integrations used
Monkhorst-Pack™ k-point mesh (8 x 8 x 4), dense enough to
converge total energies and band dispersions. Band structures
were computed along conventional high-symmetry paths, and
partial densities of states (PDOSs) were obtained using atomic-
orbital projections.

Hybrid-functional calculations using the screened Heyd-
Scuseria-Ernzerhof (HSE06)">”* functional were carried out for
Sr,TiO, and Sr,TiO3;F, within CASTEP. All computational
parameters were identical to those used for the PBE calcula-
tions. A Monkhorst-Pack k-point mesh of 4 x 4 x 2 was
employed. Owing to the increased computational expense,
HSEO06 calculations were limited to n = 1 RP phases and used
solely to assess the robustness of PBE-derived bandgap trends.

3.2 Effective mass evaluation

Electron effective masses’ near the conduction-band minimum
(CBM) were extracted by fitting the DFT band dispersion E(k) in
a small neighborhood of the CBM wavevector k. The effective-
mass tensor m; is defined as:

* 2 —1
my _h {

O’E
ak[ ak/ k=ky

my my

(11)

where m, is the free electron mass, % is the reduced Planck
constant, and k is the reciprocal lattice vector. For the layered
RP lattices, we report directional masses along the principal
transport axes as follows:

2

m, = ———— (1In-plane, curvature alon e 12
| (in-pl long I'=X)  (12)
I PE
k2
ko
hZ
m, = azT(out-of-planQ curvature along I'—2) (13)
‘akﬁ ko

Second derivatives were evaluated from a symmetric finite-
difference fit to E(k) on a dense local k-mesh around k,
(within a small window of |k| = 0.01 A™%).”

4 Results and discussion

4.1 Structure and phase analysis

Phase-pure RP-type oxides Sr,TiO, (n = 1) and Sr3Ti,0; (n = 2)
were synthesized via conventional solid-state methods and
subsequently subjected to non-oxidative topochemical fluori-
nation using PVDF, yielding the corresponding oxyfluorides
Sr,TiOsF, and Sr;TiO,OsF,4, in agreement with previously re-
ported findings (Fig. 1).>*®* For n = 1, Rietveld analysis
confirmed that Sr,TiO, (4/mmm) transforms to Sr,TiO;F, with
lower-symmetry tetragonal P4/nmm, consistent with the report
by Slater and Gover,** and accompanied by a pronounced c-axis
expansion upon fluoride anion (F) insertion (Fig. 2). Fluori-
nation to Sr,TiO3F, substitutes apical oxide anions (O*>) with
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Fig.1 XRD patterns of the synthesized compounds Sr,TiOg4, Sr3Ti,O,
SroTiOsF,, and SrsTiOsF4. The small arrows in the n = 1 phase for
oxyfluoride, Sr,TiOsF,, indicate the additional trace amount of SrF,.

F~ and adds the second F~ to every second interstitial layer,
altering the local Ti coordination to non-centrosymmetric TiOsF
units. This substitution breaks local inversion symmetry,
resulting in an asymmetric anion distribution along the c-axis
and inducing local polar distortions within the layered
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framework. A minor SrF, impurity (~3 wt%) was detected in the

= 1 fluorinated sample, consistent with the known meta-
stability of Sr,TiO;F,.*"* In contrast, the n = 2 phase, Sr;Ti,0-,
retains the tetragonal /4/mmm symmetry upon fluorination to
Sr3Ti,O5F,4, with lattice expansion along the c-axis in agreement
with previous reports and in agreement with the fact that all
interstitial sites must be filled in addition to the anion substi-
tution with high interstitial layer filling.>»”®”” This interpreta-
tion is further supported by the refined lattice parameters
obtained by XRD in the present work, which are in close
agreement with literature values reported by Wissel et al.,>"
from combined PXRD/neutron diffraction (ND) studies pre-
sented in Fig. 3. As ND provides higher precision for bond
distances, particularly when light elements such as 0>~ and F~
are involved, the results are used for a detailed discussion of
local coordination. Our own PXRD-refined bond distances are
nevertheless presented in Fig. 4 and Table 1 for completeness
and direct comparison with ND taken from the literature.*>*
The crystal structures obtained from Rietveld-refined XRD
results are presented in Fig. 5. The lattice parameters from the
present work, together with literature values for reference,”*>
are provided in SI Tables S1 and S2. The structural models
highlight differences in the local coordination environment for
different n layers, as well as upon fluorination. For instance,
Sr,TiO, exhibits regular TiOs octahedral units, whereas

(b) Measured
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8
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D
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el L Lo b
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Fig. 2 Rietveld refinements of PXRD data: (a) Sr,TiO4, (b) SroTiOsF,, (c) SrsTi>O5, and (d) SrsTi,OsF4. The corresponding simulated reference
patterns displayed in the lower part of each panel were generated and refined from ICSD/database structural models as described in Section
2.2.1. The Rietveld refinement quality indicators of the crystallographic analysis are provided in Sl, Table S3.
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Table 1 Summary of Ti—(O, F) coordination environments obtained from Rietveld refinements of SrTiOg4, SroTiOsF,, Sr3TioO7, and Sr3Ti>OsF4
from PXRD, along with literature values from combined PXRD/ND>**2 for comparison

Ti-O coordination

Ti-(O, F) coordination

Equatorial Ti-O (A)

Apical short (A) Apical long (A)

Phase Ti-coordination environment Present work Literature Present work Literature Present work Literature
Sr,TiO, TiOg (regular) 1.942(4) — 1.974(3) — 1.97(4) —
Sr,TiO,F, TiOsF/TiO,F, (locally asymmetric) ~ 1.951(1) 1.93 1.701(4) 1.81 2.81(6) 2.63
Sr;3Tiy 05 TiOg (regular, locally polar) 1.950(2) 1.9501(1) 1.742(8) 1.989(2) 1.97(3) 1.897(5)
Sr;Ti,OsF,  TiOg/TiOsF (nearly regular) 1.96(5) 1.9608(4) 1.89(9) 1.886(2) 2.01(4) 2.020(3)

Sr,TiO;F, adopts a locally non-centrosymmetric TiOsF coordi-
nation due to the breaking of inversion symmetry. Interestingly,
even in the n = 2 oxide (Sr;Ti,05), a slight off-center displace-
ment of Ti is observed, arising from octahedral tilting and the
non-centrosymmetric site symmetry of Ti. These intrinsic
deviations from ideal symmetry indicate that local polarity is
already present in the oxide phase and correlate with the vari-
ations in bond distances shown in Table 1 and Fig. 4. As di-
scussed later in Section 4.5, fluorination of Sr;Ti,O, to
Sr;Ti,OsF, removes this off-center distortion, suggesting that

(c)

C
¢ Cg¢ ¢
¢ CRe ¢
¢ Lo ¢
sr*?
U +2 ¢ r4.4
s Qi
ot @c>
.O-Z °F.1

Fig. 5 Crystal structures obtained from refined XRD data before and
after topochemical fluorination reactions: (a) SroTiOy, (b) Sr,TiO=F,, (€)
Sr3Ti207, and (d) Sr3Ti205F4.

J. Mater. Chem. A

polarity effects are unlikely to contribute to the photocatalytic
activity of the n = 2 RP-type phases.

PXRD measurements performed after soaking all four
synthesized RP-type oxides and oxyfluorides in deionized water
(DI-H,O0) for 24 h (Fig. S4) confirm that they retain their phase
without signs of structural degradation, assuring that the pho-
tocatalytic trends discussed later (Section 4.5) originate from
intrinsic structural and electronic properties rather than insta-
bility or hydration-induced transformations. In addition, PXRD
data from aged samples for ~1.5 years stored under ambient
conditions were also recorded to further assess their long-term
stability, and the corresponding Rietveld analyses (Fig. S5)
confirm that all phases remain stable, with only a trace amount
of SrCO; (3.1(1) wt%) detected in the n = 2 oxide, Sr;Ti,0;.

4.2 Optical properties and band-edge potential evaluation by
the Butler-Ginley approach

The UV-Vis DRS and the corresponding Kubelka-Munk plots of
the RP oxides with n = 1 and 2, and their fluorinated oxyfluoride
compounds, are shown in Fig. 6 and S6. Both pristine Sr,TiO,,
and Sr;Ti,O, display sharp absorption edges in the ultraviolet
region (Fig. 6a and b; black lines), with very similar estimated
band gap values of 3.52 eV and 3.44 eV, respectively (Fig. 6¢ and d;
black lines), consistent with earlier reports for undoped RP-
type titanates.”**>* Upon topochemical fluorination for
n = 1, Sr,TiOzF, exhibits two absorption onsets at 3.36 eV and
3.69 eV (Fig. 6a and c; red lines; and Fig. S6b), compared to 3.52 eV
in Sr,TiO,4, indicating that fluorination has only a very minor
influence on the fundamental band gap, with the lower-energy
onset corresponding to a small red shift of ~0.16 eV. In
comparison, the higher onset reflects a slight blue shift of
~0.17 eV. This small change can be attributed to structural
distortions in the TiOg-octahedra upon fluorination, where
incorporation of fluorine produces ordered, asymmetric TiOsF
coordination. Substitution of apical O*>~ by F~ breaks inversion
symmetry along the c-axis, inducing local dipole fields that can
modify the electronic band structure. Such effects are well docu-
mented in other fluorinated RP-type phases***””® and are reflected
here by the symmetry lowering from 14/mmm to PA/nmm, which
generates inequivalent anion coordination environments that can
modify the electronic band structure. DFT calculations by Wissel
et al.>* further support this interpretation, showing that ordered
TiOsF environments represent the most stable configuration in

This journal is © The Royal Society of Chemistry 2026
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Fig.6 UV-Vis DRS normalized absorbance spectra of oxides and oxyfluorides of n =1 (a) and n = 2 (b), and their respective normalized Kubelka—
Munk ‘F(R )" plots (c and d). The individual Kubelka—Munk plots with extracted energy slopes are provided for better clarity in the S| Fig. S6.

Sr,TiO;F,, in line with our experimental observations. Similar
symmetry-lowering and polarisation effects have been reported
for fluorine-expedited nitridation of layered perovskite Sr,TiO, to
Sr,TiO;NF, where the altered octahedral geometry shifts the
conduction band minimum (CBM) through modified Ti 3d-(O, F)
2p orbital overlap.”

The optical changes are less pronounced for the n = 2 phase,
Sr;Ti,O5F, (Fig. 6b and d, red lines), which shows a slight blue-
shift of ~0.07 eV in the absorption edge relative to the parent
oxide Sr;Ti,O, which is well within the typical DRS uncertainty
for bandgap estimates. This modest increase is consistent with
the greater structural rigidity of the double-layer RP framework,
which can better accommodate apical O*~ to F~ substitution
without large distortions. In addition, the higher electronega-
tivity of F~ likely contributes to stabilizing the valence band
maximum (VBM) through stronger localization of O/F 2p states,
thereby shifting the absorption onset to higher energies. Similar
band-structure adjustments driven by local electrostatic effects
have been outlined by Kato et al. for layered oxyhalide and
oxyfluoride systems, even when the bulk bandgap remains
nearly unchanged.*”” In our case, the Kubelka-Munk plots
(Fig. 6d and Séc, d) show clean absorption edges for both oxides
and oxyfluorides, without significant sub-gap features. The
absorption features observed in the 200-350 nm region corre-
spond to intrinsic interband electronic transitions, dominated
by charge-transfer excitation from O 2p derived valence band
states to Ti 3d derived conduction band states, which are
characteristic of Sr-Ti-O-based wide-bandgap oxides. These
higher-energy UV transitions reflect the fundamental titanate

This journal is © The Royal Society of Chemistry 2026

electronic framework.*® This indicates that fluorination does
not introduce optically active deep defect states, and the
fundamental absorption edge remains well preserved. Such
behavior aligns with previous reports on fluorinated RP mate-
rials, where controlled anion substitution adjusts band struc-
ture while maintaining favorable charge-carrier dynamics.”®
Overall, the fluorination-induced changes in Sr,TiO, and
Sr;Ti,O; reflect trends reported in related mixed-anion layered
perovskites, with modest bandgap shifts, local polar distortion
through symmetry breaking, and the maintenance of an elec-
tronically clean gap.

Experimentally, the n = 2 phase (Sr;Ti,0,/Sr;Ti,OsF,) shows
awider band gap compared to the n = 1 phase (Sr,TiO,/Sr,TiO3F,),
as seen from the absorption edge positions in Fig. 6. This
widening reflects the role of increased perovskite layer thickness
in RP structures, where the double-layered framework reduces
structural distortions and modifies orbital interactions, leading to
a higher optical band gap. This is interesting, since in perovskites
(oxynitrides), a reduction of structural distortion leads to a smaller
band gap because the B-X orbital overlap becomes stronger as the
B-X-B angle approaches 180°.5"* However, in the oxyfluoride RP
system here, this narrowing tendency is offset by oxide to fluoride
substitution, which reduces p-d covalency and lowers the VBM.
Consequently, the narrower band gap in the n = 1 phase enables
stronger absorption in the near-UV region, which is expected to
contribute more effectively to photocatalytic H, evolution under
solar irradiation. These modifications are expected to contribute
to the enhanced photocatalytic H, evolution observed for then =1
oxyfluoride, as will be discussed in Section 4.5.
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Fig. 7 Band-edge positions for the oxides and oxyfluorides of n =1 (a) and n = 2 estimated by the Butler—Ginley method by using UV-Vis-DRS
energy bandgap values. (a) Conduction band edge Ecg; (b) valence band edge Eyg. Black and red markers show values vs. NHE and RHE,

respectively, at pH 7.

Fig.8 SEMimages displayed in the upper panels (a—d) correspond to Sr,TiOy4, SrsTi>O5, Sr,TiOsF,, and Sr3Ti,OsF4 samples, recorded at a scale of
10 um. The lower panels (e—h) show the corresponding higher-magnification images of the same samples (a—d), respectively, recorded at a scale

of 5 um.

4.2.1 Band-edge alignment from UV-Vis-DRS + Butler-
Ginley. Using the bandgap energies from UV-Vis DRS results
and a consistent Mulliken electronegativity set,*>* we esti-
mated the conduction- and valence-band edges (Ecg and Eyg) vs.
NHE, presented in Fig. 7 (also in SI, Tables S6 and S7). The
topochemical fluorination shifts both band edges to more
positive potentials. For n = 1, the conduction band changes
from —1.1(2) V for Sr,TiO, to —0.4(2) V for Sr,TiOsF,, while the
valence band changes from +2.4(2) V to +3.0(2) V. For n = 2, the
conduction band changes from —1.0(2) V for Sr;Ti,O; to
—0.2(2) V for Sr3Ti,OsF,4, and the valence band changes from
+2.4(2) V to +3.3(2) V. These shifts reduce the conduction-band
driving force for H'/H, in both series (AEcg = +0.8 & 0.3 V),
while the valence band deepens by ~0.6-0.9 £+ 0.3 V, repro-
ducing the small experimental changes in E,. On an RHE basis
at pH 7.0, Sr;Ti,OsF, has the least favorable CB position
(+0.2(2) V vs. RHE), consistent with its low photocatalytic H,
evolution activity, whereas Sr,TiO;F, lies very close to the H'/H,
level (+0.06(20) V vs. RHE) and, aided by inversion-symmetry
breaking in TiOsF units and the resulting internal dipoles,
exhibits enhanced H, evolution (Section 4.5).

It should be noted that experimental determination of band-
edge positions by Mott-Schottky analysis or valence-band XPS is

J. Mater. Chem. A

feasible for photocatalytic systems that can be fabricated as
stable, electronically conductive electrodes or hetero-
junctions.®*** In contrast, the RP-type titanate oxide and oxy-
fluoride phases studied here, are highly insulating, micron-
scale powders, for which such measurements are not reliable
without altering the material chemistry. Under these
constraints, the Butler-Ginley approach provides an appro-
priate framework for comparing relative band-edge trends
based on experimentally determined optical band gaps,
although absolute energetic alignment is not implied.

4.3 Morphological properties and BET surface area analysis

The SEM micrographs in Fig. 8 show the morphologies of
Sr,TiOy, Sr3Ti,0,, and their oxyfluoride phases Sr,TiO;F, and
Sr3Ti,O5F,. All compounds consist of irregular, rounded grains
in the submicrometer to micrometer range, typical of solid-state
synthesized RP-type titanates. The particles form loosely packed
agglomerates with clean surfaces and without indications of
secondary phases. The topochemical fluorination, carried out at
low temperatures using PVDF, does not induce noticeable
morphological changes in either n = 1 or 2 systems. The fluo-
rinated products maintain the overall particle size distribution
and shape of their oxide precursors, indicating that the process

This journal is © The Royal Society of Chemistry 2026
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preserves the bulk morphology while modifying only the anion
sublattice at the atomic scale, as expected for a topochemical
reaction.* Again, this morphological stability is critical for
interpreting the photocatalytic results, as it ensures that the
observed differences in H, evolution activity arise from intrinsic
structural and electronic effects rather than changes in particle
size or morphologies.

The N, adsorption-desorption isotherms of
Sr,TiOy, Sr,TiOsF,, Sr3Ti, 05, and Sr3Ti,OsF, (SI Fig. S7) display
low overall uptake, consistent with non-porous or only weakly
porous solids composed of aggregated particles, as also
observed in the SEM images (Fig. 8). Minor hysteresis features
appear at higher relative pressures, which may be attributed to
interparticle voids.** The measured BET surface areas are 7.71
m?g ' 567m?>g 278 m?> g ', and 3.91 m* g~ for Sr,TiO,,
Sr,TiO;F,, Sr3Ti, 07, and Sr3Ti,OsF,4, respectively. These values
are typical of dense, solid-state-synthesized RP-type titanates
and show no significant variation upon fluorination. The low
surface areas of the powders, with only small differences
between samples (<10 m> g~ %), are therefore not interpreted as
the primary factor governing the photocatalytic trends between
the n =1 and n = 2 members.

4.4 XPS analysis

XPS was performed to investigate the oxidation states and
chemical environments of the n = 1 and 2 oxides and their
oxyfluorides. These results were further correlated with the
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structural features obtained from PXRD and compared with the
spectra of the parent oxides, as shown in Fig. 9. All binding
energies were referenced to the adventitious C 1s peak at 285 eV
(SI Fig. S8a).

The Ti 2p spectra (Fig. 9a) of all compounds show the
characteristic doublet, with Ti 2p;/, at ~458.5 eV and 2p,,, at
~464.1 eV (spin-orbit splitting (4) = 5.7 eV). Across both n =1
and 2 samples, these binding energies vary by no more than
0.2-0.4 eV, consistent with Ti*" in octahedral coordination
within the perovskite slabs.>**%¢ In compared to the other
samples, which show symmetric Ti 2p peaks in the XPS
spectrum (Fig. S9), a small shoulder to lower binding energies
can be observed for Sr;Ti,OsF,. This indicates that a slightly
non-homogeneous O/F distribution around the Ti ions might be
present; alternatively, a small Ti*" contribution might explain
this observation. However, since Sr;Ti,OsF, exhibits a positive-
chemical shift of about +0.4 eV relative to Sr,TiO,, Sr,TiO3F,,
and Sr;Ti,0,, and the compound is entirely white in visual
inspection, this makes the structural O/F defects more likely
than a Ti** contribution.

Structural refinements from XRD (Fig. 2 and5) support this
interpretation. In the parent n = 2 oxide Sr;Ti,0O, TiOs octa-
hedra are locally distorted, with one shorter apical Ti-O bond
(1.74-1.90 A) and a longer apical contact (~1.99 A), reflecting
a slight off-centre displacement of Ti within the octahedron.
Upon fluorination, the n = 2 oxyfluoride Sr;Ti,OsF, adopts
a more centrosymmetric coordination environment, with an
equatorial Ti-(O/F) distance of ~1.96 A and nearly balanced

— Sr,TiO,
—— Sr,TiO,F,
— Sr,Ti,0,
—— Sr,Ti,O,F,

Sr 3d

Normalized Intensity /cps

144 141 138 135 132 129 126
Binding Energy /eV

F1s — Sr,TiO,F,

——sr,Ti,O F,
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Fig.9 XPS spectra of Sr,TiOy, Sr,TiOsF,, Sr3Ti>O5, and SrsTi,OsF4 showing the Ti 2p (a), Sr 3d (b), O 1s (c), and F 1s (d) regions. The C 1s calibration
peak and an enlarged Ti 2p region highlighting the chemical shift in SrsTi,OsF4 are provided in Sl Fig. S8a and b and S9, respectively.
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apical bonds of ~1.89/2.02 A. This restoration of local symmetry
enhances the average Ti—(O, F) interaction and increases the
electrostatic potential at the Ti site, explaining the observed
+0.45 eV upshift. By contrast, the n = 1 oxyfluoride, Sr,TiOsF,,
exhibits a pronounced off-centre displacement with a very short
Ti-O bond (~1.70-1.81 A) and a very long Ti-F bond (~2.63-
2.81 A), thereby the coordination becomes highly asymmetric
locally. This asymmetric environment creates strong local
dipoles and increased Ti-O covalency (slightly more ionic Ti-F
vs. Ti-O), which stabilizes the Ti states and prevents a compa-
rable shift in binding energy. Overall, the XPS results indicate
that Ti remains essentially in the Ti*" state across both n = 1
and n = 2 systems.

The Sr 3d spectra (Fig. 9b) exhibit the characteristic Sr**
doublet, with 3ds/, at ~132.9-133.5 eV and 3d;, at ~135.2 €V (4 =
1.8 eV),*” confirming that Sr remains divalent upon fluorination.
The binding energies are essentially unchanged between then =1
(Sr,TiO,/Sr,TiOsF,) and n = 2 (Srs3Tiy0,/Sr3Ti,0sF,) samples.
Structural refinements suggest that this arises from fluorine
incorporation at the interlayer X4 sites (Sr,-F =~ 2.47 A) and
shortened Sr-X3 distances, which generate in a more symmetric Sr
coordination environment. This stabilization reduces the reac-
tivity of the rock-salt layers toward carbonate formation upon
exposure to air, consistent with the reduced O 1s shoulder at
~531-532 eV (Fig. 9¢). Importantly, this surface feature is limited
to adsorbates and does not indicate a change in the bulk Sr
oxidation state.

The O 1s (Fig. 9¢) core level is dominated by the lattice 0>~ at
~529.0-530.5 eV of Ti oxide and 531.5 eV of Sr oxide, with
a minor shoulder at ~532.0-532.5 eV assigned to surface
carbonates.®”*® The n = 2 RP structure exhibits a higher degree
of built-in structural anisotropy than the n = 1 phase due to the
presence of distinct perovskite slab and rock-salt layers, which
gives rise to multiple nonequivalent anion environments.'**
Notably, the intensity of this carbonate feature is weakest for
Sr;Ti,OsF,, consistent with its reduced tendency for surface
carbonate formation. In addition, the lattice O contribution in
Sr3Ti,OsF, appears slightly shifted to higher binding energy.
This observation matches the XRD results, where fluorination
produces nearly balanced (relatively less asymmetric to n = 2
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—o— Sr,Ti,O;F,
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oxide) apical Ti-(O, F) distances and a more symmetric octa-
hedral field, which reduces Ti-O covalency and increases the
average electrostatic potential on oxygen. In contrast, Sr,TiOzF,
retains highly asymmetric Ti-O and Ti-F distances, which
enhance Ti-O hybridization and stabilize O at a lower binding
energy.”*?

The F 1s spectra (Fig. 9d) for the oxyfluoride samples Sr,TiO;F,
and Sr;Ti,OsF, confirm the incorporation of fluorine into the lattice
and exhibit a single symmetric F 1s characteristic peak at ~684.5 £
0.2 eV. Likewise, the peak in Srs;Ti,OsF, is narrower and shifted
slightly to lower binding energy compared with Sr,TiOzF,, which
reflects the more regular fluorine incorporation in the n = 2 oxy-
fluoride. XRD analysis supports this interpretation, showing that in
Sr;Ti,OsF, fluorine preferentially occupies the interlayer X4 and
apical-terminal X3 positions with well-defined Sr-F and Ti-F bond
lengths, whereas in Sr,TiOsF, fluorine resides in a strongly asym-
metric environment that broadens the F 1s signal.

Overall, the XPS results confirm the presence of Ti** and Sr**
in all samples, highlighting a structural influence on the
observed chemical shifts. This structural difference explains the
unique 0.4 eV shift visible in the Ti 2p core level for the sample
Sr;Ti,OsF, compared with Sr;TiO, and its reduced tendency
toward carbonate formation compared with the parent oxide.

4.5 Photocatalytic hydrogen evolution performance

Photocatalytic H, evolution experiments were performed for the
RP-type oxides and their oxyfluorides and are shown in Fig. 10.
For n = 1, fluorination of Sr,TiO, to Sr,TiO;F, yields an excep-
tional enhancement in photocatalytic activity, with an initial H,
evolution rate ~6.3-fold higher than the parent oxide, Sr,TiO,,
and still ~5-fold higher after 2 h of continuous light irradiation.
In contrast, for n = 2, the oxide Sr;Ti,O; exhibits significantly
higher activity (~30-fold) than its oxyfluoride Sr;Ti,OsF, and
remains ~26-fold after 2 h of light irradiation. As summarized
in Fig. 10c, both oxyfluorides show a decline in activity relative
to their initial rates after 2 h irradiation. Sr,TiOsF, (n = 1) still
retains ~5-fold the activity of Sr,TiO,, suggesting that local
polarity-induced internal fields enhance charge separation and
help sustain photocatalytic activity over time, while the
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Fig. 10 Photocatalytic H, evolution activity of RP oxides and their respective oxyfluorides: (a) Sr,TiO4, SroTiOsF,, SrsTi>O5, and SrsTiOsF4. (b)
Comparison of H, evolution amounts for each compound at 0.5 h and 2 h of light irradiation. Reproducibility of the photocatalytic H, evolution
and the phase stability after photocatalytic performance for the most active sample, SrzTi,O5, are provided in the SI, Fig. S10, S11 and Table S8.
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structural stability is primarily ensured by the RP framework
itself. In contrast, the activity of Sr;Ti,OsF, (n = 2) decays
almost completely, which could be related to the formation of
charge recombination centers as suggested for similar anion-
substituted titanates in the literature.’””®”® However, further
study is required to confirm the exact mechanism in this
system. XPS analysis (Section 4.4 and Fig. 9) revealed a slight
low-binding-energy shoulder in Sr;Ti,OsF,4, suggesting minor
local variations in the Ti—(O, F) coordination environment that
could give rise to localized states within the band gap. Such
structural or electronic inhomogeneities can promote carrier
trapping and non-radiative recombination, thereby explaining
the markedly low H, evolution activity of Sr3Ti,O5F,.>>

For n = 1, Sr,TiO3F, (Fig. 10a), the higher activity can be
rationalized from the structural point of view, as discussed in
Section 4.1, as well as using the refined bond distances from the
reported neutron diffraction,*>*> which provide the most precise
bond distances for O/F coordination. The refined bond
distances provide crucial insight into how topochemical fluo-
rination modifies the local Ti coordination and thereby impacts
photocatalytic performance (Fig. 4, 5, Tables 1, SI S4 and S5). In
n =1, Sr,TiOy, the TiO octahedra are centrosymmetric, with an
equatorial Ti-O bond length of =~1.93 A and an apical bond
length of =1.97 A. Upon fluorination to Sr,TiOzF,, however,
a pronounced distortion is introduced with one very short Ti-F/
O bond of ~1.81 A and a long, weak apical bond of ~2.63 A,
together with equatorial Ti-O =~1.93 A. This distortion effec-
tively transforms the octahedral environment into a square-
pyramidal-like TiOsF unit, comprising four equatorial oxygen
atoms, one short apical bond, and one very weak apical inter-
action, breaking inversion symmetry at the local Ti site, even
though the global structure remains P4/mmm (centrosym-
metric). Such asymmetric coordination is characteristic of
second-order Jahn-Teller (SOJT) distortions, where hybridiza-
tion between Ti 3d and O/F 2p orbitals stabilizes an off-center
displacement of Ti within the octahedron.”® The resulting
lattice polarization generates internal dipole fields oriented
along the c-axis, and in accordance with previous findings, such
polar environments around Ti cations, whose states dominate
the CB, facilitate charge separation and suppress electron-hole
recombination, which can account for the enhanced H, evolu-
tion observed for Sr,TiOsF, relative to the parent oxide, Sr,TiO,.
Yu and Xu reported that topochemical fluorination of Cr-doped
Sr,TiO, yields Sr,Tig 95Cr.0503F, with an uneven O/F distribu-
tion that creates a built-in electric field, improves charge sepa-
ration, and resulted in efficient H, evolution.*

By contrast, in n = 2, Sr3Ti,0, already shows locally non-
centrosymmetric TiOg units, with the following bond lengths
extracted by using neutron diffraction:*> an equatorial Ti-O
bond length of =1.95 A and apical bond lengths of =1.90 A
(short) and 1.99 A (long), consistent with the local site symmetry
of 4mm in this structure type (Fig. 5¢). Upon fluorination to
Sr;Ti,OsF4, the apical asymmetry reduces and the apical
distances converge to =1.89 A (short) and =2.02 A (long), i.e.,
become more similar, while the equatorial bond remains nearly
unchanged (=1.96 A) (Fig. 5d and Table 1). As a result, the
coordination TiOs_,F, units generate a lower internal field due

This journal is © The Royal Society of Chemistry 2026
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to the lower difference of apical bond lengths. This lower local
polarity may account for the suppressed photocatalytic activity
of Sr3Ti,OsF, relative to the parent oxide Sr;Ti,O, shown in
Fig. 10b. Furthermore, defect states introduced by the disorder
might dominate the photocatalytic behavior of the material and
could act as charge-carrier traps and recombination sites,
thereby suppressing photocatalytic activity.>****”

Among the studied compounds, Sr3Ti,O; (n = 2) exhibits the
highest photocatalytic activity (Fig. 10b). This trend is consis-
tent with earlier reports," which emphasize that the photo-
catalytic performance of RP perovskites is strongly dependent
on the number of perovskite layers (n). A higher n facilitates
more efficient spatial separation of photogenerated electrons
and holes, thereby suppressing charge recombination.*”*® Xiao
et al. showed that higher homologues of RP-type members
benefit from enhanced three-dimensional connectivity and
improved bulk carrier mobility, leading to more favorable
charge transport and band-edge alignment. This aligns with our
present study, where the n = 2 phase Sr;Ti,O, demonstrates
superior H, evolution activity compared to its n = 1 homologue.

In addition to symmetry effects, the feasibility of H, evolu-
tion also depends on the band alignment relative to the normal
hydrogen electrode (NHE), which is numerically equivalent to
the standard hydrogen electrode (SHE), at pH 0. According to
literature reports, the CB edge of Sr,TiO, is located nearly at
—0.17 Vvs. NHE/SHE, providing only a modest overpotential for
H, generation.'® This value is slightly more negative than the
standard required H'/H, potential, ensuring thermodynamic
feasibility. For example, the layered Sillén oxyhalide, SrBi;0,Cl;
and RP-type titanates exhibit CB levels sufficiently more nega-
tive than the proton reduction potential, supporting their
intrinsic ability for proton reduction.'®*® In this work, the
electrochemical flat-band potentials were not determined (e.g.,
by Mott-Schottky or UPS) for these RP-type titanates, instead we
estimated band edges using the Butler-Ginley approach applied
to the UV-Vis-DRS gaps, the resulting CB positions (vs. NHE) are
—~1.1(2) V (Sr,TiO,), —0.4(2) V (Sr,TiOsF,), —1.0(2) V (Sr3Ti,05),
and —0.2(2) V (Sr3Ti,O5F,), with corresponding VB positions of
+2.4(2), +3.0(2), +2.4(2), and +3.3(2) V, respectively (Fig. 7).
These Butler-Ginley estimates are consistent with previous
reports on related oxyhalide and oxyfluoride systems, which
indicate that their band edges fall within the suitable window
for photocatalytic H, evolution.®®® For comparison with
electrochemical data, NHE-referenced energies are converted to
RHE (see Section 2.2.2.1, Tables S6 and S7). Since the Butler-
Ginley approach is semi-empirical and flat-band potentials
depend on surface/electrolyte conditions, we emphasize that
our interpretation focuses on relative changes across the series
rather than exact absolute numbers.

Within this framework, the reduced performance of Sr;Ti,OsF,
can be rationalized by the upward (less negative values) CB shift to
—0.2(2) Vvs. NHE (=+0.2 (2) Vvs. RHE at pH 7), in agreement with
the slightly increased band gap, thereby reducing the thermody-
namic driving force for proton (H') reduction in addition to the
reduced local polar moment around Ti cations. By contrast, in
Sr,TiOsF,, the CB remains sufficiently negative vs. NHE (—0.4(2) V)
and is counterbalanced by inversion-symmetry breaking and the
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resulting internal dipole fields, which promote charge separation
and surface reaction kinetics, explaining the pronounced
enhancement in H, evolution. It is also interesting to see this
relative trend in our previous findings in the RP-type indate
system.*®* By using the published UV-Vis DRS energy gaps and
Butler-Ginley estimates for the indates, as mentioned in Section
2.2.2.1, the band edge potentials were estimated and compared
(Tables S6 and S7). As these studies used the same topochemical
synthesis protocol and photocatalytic H, evolution conditions, the
fluorination of RP-type LaBaInO, (/4/mmm) to LaBaInOsF, (C2/c)
preserves the conduction-band driving force, with Ecg of about
—0.37 Vvs. NHE for LaBaInO, and —0.41 V vs. NHE for LaBaInO;F,
(=+0.05 V and 0.00 V vs. RHE at pH 7). Although the local coor-
dination changes from centrosymmetric InOs octahedra to
centrosymmetric InO,F, and the Eyp deepens from +1.43 V to
+2.89 V, thereby H, activity rates remain similar upon fluorina-
tion.* This highlights anion sublattice engineering as a selective
strategy to tune symmetry and photocatalytic functionality in
layered perovskite oxyfluorides. Future efforts should use alterna-
tive synthesis routes to tune the band gap toward the near-UV/
visible and modestly increase accessible surface area. This
suggests that beyond structural distortions, surface properties such
as wettability and controlled morphological design will be critical
for achieving stable and optimized performance in future oxy-
fluoride photocatalysts.*>*>*® Effective synthesis should preserve
a sufficiently negative Ecp so that, under illumination, the quasi-
Fermi level for electrons remains above the H'/H, level, while
suppressing deep traps that hold the Fermi level and reduce
beneficial band bending at the solid-liquid interface.

To assess the robustness of photocatalytic performance,
reproducibility tests were carried out for the most active pho-
tocatalyst, Sr;Ti,O, and was characterized two more times in
the already mentioned photocatalysis setup, using three inde-
pendent photocatalytic runs performed under identical experi-
mental conditions presented in SI, Fig. S10. All three
independent measurements exhibit a rapid increase in H,
evolution upon illumination, followed by a gradual decrease
during the 2 h irradiation period and consistent behavior upon
switching off the light. After 2 h, all runs converge to a H,
evolution rate of approximately 50 pmol h™", confirming the
reproducibility of the H, evolution reaction (HER) activity (Fig.
S10). It's worth mentioning that the activity during the initial
increase after turning the lamp on may vary from experiment to
experiment. This is a known phenomenon observed at Pt co-
catalysts.’* Through an interplay of oxygen vacancies and the
oxidation mechanism of organic sacrificial agents, initially high
H, evolution rates are reduced by the deactivation of the catalyst
eventually leading to a steady state activity, which, in the case of
the presented work, is comparable among all three runs.

In addition, post-photocatalysis XRD analysis of the n = 1
oxide and oxyfluoride phases reveals changes in the diffraction
patterns, indicating partial structural degradation under the
applied photocatalytic conditions (Fig. S11a and b); this is in
accordance with the decrease of photocatalytic activity observed
for the n = 1 phase over time. In contrast, PXRD analysis of n = 2
oxide and oxyfluoride phases after photocatalytic H, evolution
shows no detectable changes relative to the as-synthesized
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material, indicating higher structural stability of the double-
layered RP framework under the applied aqueous photo-
catalytic conditions (Fig. S11c and d). This difference highlights
the higher structural robustness of the n = 2 RP framework
during aqueous photocatalytic operation. Furthermore, a more
detailed analysis of the time-dependent behavior of the mate-
rials could help to understand the decomposition behavior and
mechanism beyond the current state.

To analyse the charge carrier dynamics of the materials,
transient absorption spectroscopy (TAS) measurements were
conducted. The samples were excited with 355 nm laser light,
and the dynamics of photogenerated charge carriers were
recorded in the range from 760 nm to 950 nm. This detection
area was chosen because, in chemically similar materials,
photogenerated electrons appear in this wavelength range.'**%*

In Fig. S12, the TAS maps of the four materials Sr,TiO,,
Sr,TiOsF,, Sr3Ti,0; and Sr;3Ti,OsF, are presented. One negative
(here: laser scattering) and one positive signal (photogenerated
electrons) could be observed. The intensities of the positive TAS
signals differ in the samples and illustrate that the amount of
photogenerated electrons in Sr;Ti,O; is the highest. This
explains that Sr3Ti,O; is the best performing sample in the
photocatalytic HER.

Regarding the other three sample (Sr,TiO,, Sr,TiO;F, and
Sr3Ti,OsF,) the intensity of the TAS signals is not much
different, meaning that the number of photogenerated elec-
trons is comparable. Therefore, the lifetimes of the photog-
enerated electrons were analysed (Fig. S13 and Table S9). After
fitting the decays, suitable lifetimes of the photogenerated
electrons for the photocatalytic HER in all samples were ach-
ieved.'® Comparing the samples with similar intensities of the
TAS signals, Sr,TiOy, St,TiO3F, and Sr3Ti,OsF,, the values of the
“baseline” are completely different. For Sr,TiOsF,, the baseline
is clearly increased in comparison to Sr,TiO, and Sr;Ti,OsF,.
Recently, we found that this increase in the baseline is benefi-
cial for photocatalytic efficiency and indicates that very long-
lived photoelectrons (lifetime >> 2.5 ps) are also involved in
the photocatalytic HER. This observation is entirely consistent
with the observed photocatalytic HER activity, as Sr,TiOsF, is
the second-best sample for the HER. Furthermore, these long-
lived photoelectrons might be a result of better charge separa-
tion due to internal dipole fields. Thus, the poor photocatalytic
performance of Sr,TiO, and Sr;Ti,OsF, can be explained on the
one hand by the low amount of photogenerated electrons, and
on the other hand by the absence of very long-lived
photoelectrons.

4.6 Understanding the optical properties and photocatalytic
performances via DFT calculations

The calculated partial densities of states (PDOSs) show that the
band gap of Sr,TiO, (2.03 eV) becomes wider after fluorination
(2.32 eV), whereas that of Sr3Ti,O; (1.95 eV) becomes narrower
(1.62 €eV) (Fig. 11); this is in general agreement with the exper-
imentally observed band gap changes (see Fig. 6). Despite the
known tendency of the PBE-GGA method to underestimate
band gaps, the obtained results go against the general

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 PDOSs per-ion from DFT calculations for (a) Sr,TiOg4, (b) SroTiOsF,, (c) SrsTi,O7, and (d) SrsTi>OsF4 (Ef = 0 eV).

expectation that the introduction of more electronegative F
(3.98), compared to O (3.44), would lower the band center of the
O/F-2p states at the VBM, thereby increasing the band gap. For
all four phases, the VBM is mainly composed of O 2p states with
a small contribution from Sr 4d orbitals, while the CBM is
dominated by Ti 3d (t,4-like) states (Fig. 11). Upon fluorination,
F 2p states reside deeper in the valence manifold and do not
create mid-gap states, consistent with the clean absorption
onsets seen in UV-Vis DRS (Fig. 6). One clear change of VBM
after fluorination is that the Sr 4d component shifts to a deeper
energy region near the F 2p orbital (Fig. 11b and d). This is
because the strong local electric field generated by F~, resulting
from its high electronegativity that attracts electron density,
lowers the potential energy of nearby Sr orbitals. In addition,
the strong electronegativity of F attracts more electron density
from Sr, reducing the orbital hybridization between Sr and O on
the opposite side. This leads to a more localized electron
distribution on the equatorial O orbitals, which dominate the
VBM of Sr,TiO;F, and Sr;Ti,OsF, (Fig. 11b, d and SI S14).
Together with the deeper energy level of newly introduced F that
lowers the band center of the O/F-2p manifold, the VBM posi-
tion shifts to a lower level, which is consistent with the UV-Vis-
DRS results.

For the CBM, Sr3Ti,O5F, exhibits a lower energy level, which
narrows the band gap, whereas Sr,TiO3F, does not show such
a tendency. In Sr,TiO;F,, Ti is off-centered toward the apical
oxygen (Fig. 5b), possibly due to the stronger electronic attrac-
tion of O*~ compared to F~, which is structurally facilitated by

This journal is © The Royal Society of Chemistry 2026

the asymmetric filling of interstitial sites around the Ti coor-
dination environment (every second layer filled, see Fig. 5). This
displacement enhances the orbital hybridization between Ti
3d,2_,2 and O 2p orbitals, thereby maintaining the antibonding
state at a higher energy level in the CBM. In contrast, Ti off-
centering is negligible in Sr;Ti,OsF, (again see Fig. 5) and
consequently, the Ti 3d - O 2p hybridization becomes weaker
compared to Sr,TiO;F,, leading to a lower antibonding state in
the CBM and a smaller band gap. This scenario is supported by
the XPS measurements (Fig. 9a and c), where the Ti 2p peak
shifts to higher binding energy due to the strong electron-
withdrawing effect of F, which reduces the electron density
around Ti. As a result, the orbital hybridization between Ti and
the apical O becomes weaker, leading to electron localization on
the apical oxygen and an increase in its electron density, which
in turn causes the O 1s peak to shift to lower binding energy.
This deeper valence and modest upward shift of the
conduction edge account for the limited changes in E,. The
+0.45 eV Ti 2p chemical shift in Sr3Ti,O5F, is consistent with
a more electronegative ligand field and a more regular apical
coordination after fluorination; both effects increase the local
electrostatic potential at Ti, in agreement with XPS results
(Fig. 9). Butler-Ginley estimates based on the UV-Vis DRS gaps
show that fluorination moves the CB to less-negative potentials
and the VB to more-positive potentials for both n = 1 and 2
oxides and oxyfluorides (Fig. 7, Tables S6 and S7). The DFT
results show a deeper valence, a slight upward shift of the
conduction-band edge, and reduced c-axis dispersion, which
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together provide the microscopic basis for these semi-empirical
shifts. Consequently, Sr,TiO;F, retains sufficient CB driving
force and gains polarity-assisted charge separation.

The computed band structures are shown in Fig. 12. All four
phases exhibit indirect gaps: with conduction-band minimum
at I' and the valence-band maximum at M. The VBM for both
fluorinated phases shows less orbital hybridization, which is
due to the localized electrons in the O 2p orbitals discussed
above. For the CBM, the in-plane dispersion from I' to X (and I
to M) remains similar across oxides and oxyfluorides, whereas
fluorination flattens the branches from I' to Z, indicating
weaker interlayer coupling and reduced transport along the c-
axis.

To assess the reliability of the PBE-derived bandgap trends,
additional hybrid-functional (HSE06) calculations were per-
formed for the n = 1 RP phases Sr,TiO, and Sr,TiO;F, (please
see SI Fig. S15). While the absolute band gaps increase relative
to PBE, the fluorinated phase retains a wider band gap than the
parent oxide, confirming that the qualitative bandgap widening
upon fluorination is robust with respect to the choice of
exchange-correlation functional (Table 2).

In order to learn the photoexcited electron mobility for the
photocatalytic H, reaction, the directional electron effective
masses were calculated by fitting the DFT band dispersion E(k)
in a small neighbourhood of the CBM (Fig. 13). The carrier
mobility is inversely proportional to the effective mass; thus,
a larger effective mass corresponds to lower mobility along that
direction. For Sr,TiO, and Sr;Ti,0, the in-plane effective mass
is smaller than that along the out-of-plane direction, reflecting

J. Mater. Chem. A

their layered perovskite nature. Upon fluorination, this anisot-
ropy becomes more pronounced, with the in-plane to out-of-
plane mobility ratio increasing to approximately 80 and 50 for
Sr,TiOsF, and Sr;3Ti,O5F,, respectively. This is attributed to the
introduction of F at the apical sites, which forms strong ionic
bonds and consequently reduces orbital hybridization with Ti
3d states along the c-axis. More interestingly, the double-layered
perovskites Sr;Ti,O, and Sr;Ti,O5F, exhibit almost the same in-
plane effective mass, whereas only the out-of-plane effective
mass shows a significant change after fluorination. This
suggests that fluorine incorporation can reduce the conduction
dimensionality while preserving the original in-plane conduc-
tion state.

Dimensional reduction in carrier mobility induced by an
anisotropic anion environment has been reported for electronic
transport in mixed-anion compounds.*>'**'” For example,
SrVO,H, where the hydride H™ anions act as w-blockers along

Table 2 DFT (PBE) band extrema and directional electron effective
masses, extracted from band curvatures along in-plane (I'-X) and out-
of-plane (I'-2) curvatures, respectively. E4 is the fundamental band
gap and mg is the mass of free electrons

Effective Mass (1)

Compound CBM  VBM  E,(eV) In-plane Out-of-plane
Sr,TiO, r M 2.03 0.35 4.81
Sr,TiO5F, T M 2.32 0.52 43.34
St5Ti,05 r M 1.95 0.39 1.46
Sr,Ti,O5F, T M 1.62 0.39 21.50

This journal is © The Royal Society of Chemistry 2026
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the c-axis, limits V4-H;s-V4, coupling and thereby suppresses
out-of-plane electronic dispersion. Thus, conduction is domi-
nated by the in-plane V-O-V 7 network rather than along the ¢
direction. In comparison, our effective-mass calculations reveal,
for the first time, a similar anisotropic behavior expected for
photoexcited carriers, opening up opportunities for
photoexcited-carrier engineering through mixed-anion design
strategies.

According to the DFT calculations, Sr,TiOzF, is expected to
exhibit lower H, evolution activity than Sr,TiO4 since it
possesses a wider band gap and lower carrier mobility in both
the in-plane and out-of-plane directions. However, the experi-
mental results contradict with this. One possible reason is the
local polarity of the TiOsF perovskite in Sr,TiOzF,, which could
enhance charge separation and dominate over reduced c-axis
transport.* Since the off-centre shift is already present in
Sr;Ti, O, due to the non-centrosymmetric site symmetry of Ti,
and fluorination to Sr;Ti,OsF, even leads to the absence of
a clear off-centre shift, this polarity influence on the photo-
catalytic activity would not be expected for the n = 2 RP-type
phases. Thus, this results in a less-negative conduction band
together with heavier out-of-plane effective mass and correlates
with the diminished activity. Thus, band alignment and local
polar motifs, rather than surface area, govern the photocatalytic
trends observed in these RP-type oxides and oxyfluorides. This
atomistic picture is consistent with the observed =6.3-fold
increase in the H, evolution rate compared to Sr,TiO,. In
contrast, Sr;Ti,OsF, has a CB that is too high in energy and thus

This journal is © The Royal Society of Chemistry 2026

might exhibit reduced out-of-plane transport, which would
explain the suppressed H, evolution relative to Sr3Ti,0;.

5 Conclusions

In this work, we investigated the structural, optical, and
photocatalytic properties of the n = 1 and 2 RP-type
titanates, Sr,TiO, and Sr;Ti,O;, together with their oxy-
fluorides, Sr,TiO;F, and Sr;Ti,OsF,. Our results show that
fluorination in the n = 1 phase breaks inversion symmetry
through apical O*>~ with F~ substitution, producing asymmetric
TiOsF units that markedly enhance H, evolution, giving ~6.3-
fold higher photocatalytic activity than the parent oxide. In
contrast, the n = 2 homologue retains the space group
symmetry and even lowers the local polar moment around the
Ti cations after fluorination, and Sr;Ti,OsF, exhibits largely
reduced activity compared to Sr;Ti,O, despite comparable band
gaps. XPS measurements support these structural assignments
and are consistent with the more centrosymmetric coordination
obtained from XRD. TAS provides direct photophysical insight
into the charge-carrier dynamics across the series. Sr3Ti,O,
exhibits the highest population of photogenerated electrons,
consistent with its superior photocatalytic hydrogen evolution
activity, while Sr,TiO;F, shows an enhanced long-lived electron
component, indicating improved charge separation that corre-
lates with its intermediate performance. In contrast, Sr,TiO,
and Sr;Ti,05F, display both lower effective electron populations
and an absence of very long-lived carriers, consistent with their
poor photocatalytic activity. DFT PDOS/band structures are
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consistent with this interpretation, indicating a deeper valence
band, a slight upward shift of the conduction edge, and reduced
c-axis dispersion upon fluorination, in line with the Butler-
Ginley band-edge trends and the opposite catalytic responses of
the two n-series. Post-photocatalysis PXRD further reveals that
the n = 2 RP crystal framework exhibits higher structural
robustness under aqueous irradiation conditions, whereas
partial degradation is observed for n = 1 oxide and oxyfluoride
phases.

Overall, these findings demonstrate that while increasing n
improves the intrinsic activity of the oxide series, fluorination
can provide an additional local symmetry- and charge-separa-
tion-driven boost in certain RP-type structural and composi-
tional scenarios. The contrasting behaviours establish that RP
layer thickness, inversion-symmetry breaking, and charge-
carrier dynamics collectively dictate the photocatalytic
response in Sr-Ti RP-oxyfluorides. This highlights anion sub-
lattice engineering as a selective strategy to tune symmetry and
photocatalytic functionality in layered perovskite oxyfluorides.

Notes
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