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ABSTRACT

Anion doping is a promising approach for controlling material
functionalities. However, precise control of anion concentration remains
challenging. In this study, we experimentally evaluated the effects of
reaction conditions on F concentration and distribution in topochemical
F doping to LaggSrg4Co003_s thin films by simply varying F sources,
reaction temperatures, and reaction times. Comparative experiments
using MgF,, BiF; and PVDF as F sources suggested that the equilibrium
F, activity of the F source is the primary factor governing the F
concentration in the product. Meanwhile, the choice of F source also
significantly affects the homogeneity of F distribution. Temperature-
dependent experiments showed that maximum F incorporation was
achieved at 300°C, while higher temperatures led to F release and
decreased F concentration. Time-dependent experiments demonstrated
that F concentration increases with prolonged reaction time. Notably,
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uniform F distribution throughout the entire film thickness (100—

150 nm) was achieved within just 1-hour treatment at 240 °C when using MgF, as the F source, indicating that the topochemical F-doping
process is governed by surface reaction kinetics rather than bulk diffusion. These findings enable precise control of anion composition in
topochemical anion doping and contribute to the rational design of functional materials by anion doping.

© The Author(s) 2026. Published by ECSJ. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY,
https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any medium provided the original work is properly cited. [DOI:

10.5796/electrochemistry.26-00020].
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1. Introduction

Anion doping has attracted attention as a novel strategy for
controlling material functionalities. By incorporating anion species
with different ionic radii and electronegativity into crystal structures,
unique properties that cannot be achieved through conventional
cation control are expected.!? Functional improvements through
anion doping have been reported in various material fields such as
battery materials and catalytic materials.>> For example, significant
capacity enhancement has been reported by F doping into lithium-
ion battery cathode materials,® and improved electrocatalytic activity
has been demonstrated by F or S doping.”’

However, precise control of anion composition remains a
significant challenge, limiting the fundamental understanding of

The content of this paper will be published by Takuya Katsumata as a PhD
thesis at Tohoku University in 2026.

SECSJ Active Member

SSECSJ Fellow
T. Katsumata
M. Fakkao

Y. Kimura

T. Nakamura
K. Amezawa

orcid.org/0009-0002-7532-6198
orcid.org/0000-0002-3637-3701
orcid.org/0000-0002-3525-1366

orcid.org/0000-0001-5461-9958

orcid.org/0000-0002-3430-6927

anion composition—material functionality relationships. The most
common anion doping method is the solid-state reaction, which
involves mixing precursors and reacting them at high temperature.
However, the accessible compositional range is limited due to
differences in vapor pressure and reactivity among anionic
constituent elements.! To overcome these constraints, methods
utilizing special reaction environments have been developed,
including high-pressure synthesis,'®'? solvothermal methods,!*-">
mechanical milling,''® electrochemical methods!>*® and top-
ochemical approaches.?!

Among these methods, the topochemical approach is widely used
because it enables substitution and insertion of specific anion species
while maintaining the crystal structure framework.?>?* This method
has been applied to the introduction of fluoride ions,>>** hydride
ions,”>?% nitride ions,?>?’ and others. In topochemical F doping,
F, gas,”®? fluoropolymers (such as polyvinylidene fluoride
(PVDF)?243032 and  polytetrafluoroethylene (PTFE)**3*) and
inorganic F sources such as XeF,?%3° and MgF,* are commonly
used. However, the reported reaction conditions are extremely
diverse, such as temperatures and reaction times. While it is evident
that optimization of reaction conditions is necessary depending on
the target composition, systematic experimental studies on how F
source, reaction temperature, and reaction time affect the F-doping
process have not been performed. The absence of comprehensive
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thermodynamic and kinetic understanding hinders strategic material
functionality design through topochemical F doping.

In this study, we experimentally investigated the effects of simple
changes in reaction conditions, namely F source, reaction temper-
ature, and reaction time, on topochemical F doping by using
Lag 6S19.4C003_5 (LSC64) thin films as a model system. LSC64 is a
representative perovskite oxide with O vacancies and mixed ionic-
electronic conductivity, making it suitable for studying anion doping
reactions.?”*® The use of thin film samples enables precise analysis
of F distribution within the sample. The insights obtained in this
study will establish practical guidelines for optimizing topochemical
F doping conditions and enable strategic control of anion
composition and material functionality.

2. Experiments

2.1 Fabrication of the LSC64 thin film

The LSC64 thin films were fabricated by pulsed laser deposition
(PLD). LSC64, the target material of PLD, was synthesized by solid
state reaction method. Stoichiometric amounts of La,O3 (99.99 %,
Wako Pure Chemical Industries, Ltd.), Sr(NO3), (99.9 %, Kanto
Chemical Co.), Co304 (99.99 %, Japan Pure Chemical Laboratory
Co., Ltd.) were mixed in mortar, pelletized and calcined at 1200 °C
for 12h. The obtained pellet was crushed, pelletized again and
sintered at 1200 °C for 12 h. The obtained LSC64 pellet was used for
the PLD target. 8 mol% Y,0s3-doped ZrO, (YSZ, Tosoh Co.) dense
pellet was used for the substrate of the LSC64 thin film deposition.
YSZ powder was pelletized using a ¢25 die and sintered at 1600 °C
for 6h. The YSZ pellets were polished by diamond suspension
(particle diameter: 45, 9, 6, 3, 1 um). The films were deposited at
700 °C under an O, partial pressure of 1.0 Pa. The distance between
the substrate and the target was maintained at 40 mm. The
deposition time was maintained for 15min at a repetition rate of
10Hz and a laser power of 170 mW. After the deposition, the film
samples were annealed at 700 °C for 1h and cooled naturally to
25 °C without changing the chamber atmosphere.

2.2 Topochemical F doping to the LSC64 thin films

The substrate-supported thin films were subjected to F doping by
the topochemical method. The LSC64 thin film and a F source were
separately placed in an alumina boat within an Ar-sealed glass tube
and subsequently heated (Fig. 1). To investigate the effect of F
sources, the film was co-heated with 0.05g of MgF, (99.9 %,
Thermo Scientific), BiF3 (99.9 %, Japan Pure Chemical Laboratory
Co., Ltd.), or PVDF (Sigma-Aldrich) at 240°C for 10h. To
investigate the effect of reaction temperature, the film was co-heated
with 0.05g of MgF, at 240, 300, 350, or 500°C for 10h. To
investigate the effect of reaction time, the film was co-heated with
0.05 g of MgF, at 240°C for 1, 10, or 40 h.

2.3 Characterization of the F-doped thin films

The thickness of the thin films was evaluated by a stylus profiler
(Dektak XT, Bruker). The crystal structure of the thin films was
characterized by x-ray diffractometry (XRD, D8 Advance, Bruker)
using CuKw x-ray source. The lattice parameters were calculated by
CellCalc software.’® Fls spectra were obtained by x-ray photo-
electron spectroscopy (XPS, ESCA3400, Shimadzu) using MgKa
x-ray source (10kV and 10mA). Elemental distributions in the
thin films were evaluated by time-of-flight secondary ion mass
spectrometry (TOF-SIMS, TOF.SIMSS5, ION-TOF) utilizing a 25kV
Biy** primary ion source (field of view 10 um x 10 um). The thin
film pellet was fixed on a carbon tape and ablated with a 1kV Cs™
sputtering ion beam (crater size 100 um x 100 um). F-concentration
was measured by field emission electron probe microanalyzer (FE-
EPMA, JXA-8530F, JEOL) operating at an accelerating voltage of
12kV using thin film analysis program (XM-27470THIN). Scanning
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Figure 1. (a) Schematic illustration and (b) photograph of the
chamber used for the topochemical F-doping to the LSC64 thin
films.

electron microscopy (SEM) observation was conducted by using the
same equipment and condition. X-ray absorption spectroscopy
(XAS) was carried out at BLOSW in NanoTerasu, Japan. XAS
spectra at Co K-edges were recorded by the partial fluorescence
yield mode.

3. Results and Discussion

3.1 Effects of F sources

To investigate the effect of F sources on the topochemical F-
doping process, LSC64 thin films were heat-treated with MgF,, BiF;
or PVDF at 240 °C for 10 h. These F sources were selected based on
their different equilibrium F, activities (ar, ) because the equilibrium
ar, is expected to determine the F concentration in the product
material. The equilibrium ag, values at 240 °C, calculated using
a thermodynamic database MALT are 7.94 x 1079 for MgF,
(reaction: MgF, = Mg + F) and 7.66 x 107>* for BiF; (reaction:
2/3BiF; = 2/3Bi + F,).** PVDF has been reported as a strong F
doping agent and is expected to achieve an even higher equilibrium
ar, with strong reducing conditions. 324142

Profilometry measurements revealed that the thickness of the
LSC64 pristine thin films was 100-150nm. SEM observation
confirmed the formation of dense thin films without pinholes or
cracks (Fig. 2a). XRD analysis of the pristine thin films showed
diffraction patterns corresponding to the perovskite LSC64 phase
and the YSZ substrate, with no preferred orientation along specific
crystal planes, indicating the formation of polycrystalline films
(Fig. 2e).

Figures 2a-2d show the SEM images of the pristine and the F-
doped LSC64 thin films treated with MgF,, BiF3;, or PVDF at
240 °C for 10 h. No significant changes in surface morphology were
observed after F doping, indicating that the topochemical F doping
process does not affect the film surface. Figure 2e shows the XRD
patterns of these samples. For all samples, only peaks corresponding
to the YSZ substrate and the LSC64 perovskite phase were
observed, with no crystalline impurity phases detected. This
indicates that no side reactions occurred during the F-doping
treatment. Compared to the pristine sample, all F-doped samples
exhibited a shift of the LSC64 peaks toward lower angles,
suggesting lattice expansion. From the obtained XRD patterns, the
lattice parameters were refined assuming a cubic structure with
space group Pm3m. The obtained lattice parameters were 3.729,
3.760, 3.753 and 3.789 A for the pristine, MgF,-, BiF3- and PVDF-
treated samples, respectively (Table 1). This shows that the degree
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Figure 2. SEM images showing the top surface of (a) the pristine and the F-doped LSC64 thin films treated with (b) MgF,, (c) BiF; or (d)
PVDF at 240°C for 10h. (¢) XRD patterns of the pristine and the F-doped LSC64 thin films. The LSC64 peaks were indexed based on the
cubic perovskite structure with space group Pm3m. The symbol (@) represents YSZ (substrate) peaks. (f) XPS Fls spectra of each sample.

Table 1.

Equilibrium ap, of F sources, lattice parameters, and F concentration ratios (Cr/(Cr, + Cs;)) of the F-doped LSC64 thin films

under different F source, temperature, and time conditions. Lattice parameters were calculated assuming the space group Pm3m (cubic) for
LSC64. Equilibrium ag, values of fluorides were calculated using the thermodynamic database MALT.*® F concentration ratios were

calculated from atomic concentrations (at%) measured by EPMA.

F source Tem?:eéature time/h  Equilibrium ag, of F source Lattlcea};egameter C(Ec/ilgjtﬁncj)no
None

(Pristine) 240 10 — 3.729(22) —
PVDF 240 10 No data 3.789(26) 0.33 +0.03
BiF; 240 10 7.66 x 10754 3.753(24) 0.17 £+ 0.03
MgF, 240 10 7.94 x 107106 3.760(25) 0.22 4 0.02
MgF, 300 10 7.03 x 1074 3.788(24) 0.29 +0.03
MgF, 350 10 1.10 x 1078 3.779(23) 0.26 £ 0.03
MgF, 500 10 1.75 x 10797 3.749(27) 0.09 £ 0.02
MgF, 240 1 7.94 x 107106 3.736(21) 0.05 4 0.01
MgF, 240 40 7.94 x 107100 3.804(22) 0.43 £ 0.04

of lattice expansion followed the order: pristine < BiF; <
MgF, < PVDF. Notably, the BiFs-treated sample showed broader
peak widths compared to the other samples, suggesting an increase
in micro strains.

XPS measurements were performed to confirm F incorporation.
As shown in Fig. 2f, Fls peaks were detected in all the F-doped
samples, confirming successful F doping at least on the surface. To
evaluate the F concentration and distribution throughout the film
thickness, depth-profiling compositional analysis was conducted by
TOF-SIMS. In the pristine sample, the F~ intensity was below the
detection limit. In contrast, F~ signals were detected throughout the
entire film thickness in all the F-doped thin films, indicating
successful F incorporation into the bulk (Fig. 3). However, notable
differences in F~ distributions were observed among the samples.
The PVDF- and MgF,-treated samples showed the relatively
uniform F distribution throughout the film thickness. In contrast,
the BiF;-treated sample showed the non-uniform F distribution, the
F~ intensity decreased with the distance from the surface where F
was supplied. Consequently, while the surface F concentration of the

BiFs-treated sample was higher than that of the MgF,-treated
sample, it was lower in the deeper bulk region. The bulk F
concentration ratios (Cp/(Cp, + Cs;)) measured by EPMA were
0.33, 0.22, and 0.17 for PVDF-, MgF,-, and BiF;-treated samples,
respectively (Table 1). Here, Cy denotes the atomic concentration of
element X (X = La, Sr, F) measured by EPMA. The F concentration
order (BiF; < MgF, < PVDF) showed that PVDF, having the
highest equilibrium ag,, yielded the highest F concentration as
expected. However, the F concentration order between MgF, and
BiF; was opposite to their equilibrium ag,. This is likely attributed
to the gradient F distribution in the BiF;-treated sample and
hindered F diffusion into the interior due to some reaction occurring
at the film surface.

To investigate the charge compensation mechanism during the F
doping, Co K-edge XAS measurements were performed. Figure 4
shows the Co K-edge x-ray absorption near edge structure (XANES)
spectra for each sample. The position of the Co K-edge white line
shifted toward lower energy in the order: PVDF < MgF,/BiF; <
pristine, indicating progressive reduction of Co.** The PVDF-treated

3
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(c) BiF; or (d) PVDF at 240 °C for 10h.
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Figure 4. XANES spectra of Co K-edge of the pristine and the F-
doped LSC64 thin films treated with MgF,, BiF; or PVDF. The inset
shows the expanded spectra around the absorption edge.

sample exhibited the most extensive reduction of Co. This reduction
of Co is expected to cause lattice expansion, which is consistent with
the XRD results showing the largest lattice parameter in the PVDF-
treated sample.

The observed Co reduction provides important insights into the F
doping mechanism. Theoretically, the incorporation of F into O
vacancy sites should result in oxidation of the host cations as shown
in Eq. 1,

Vs + %Fz(g) + Cog, = Fg + Cog, (1
where defect species are expressed by Kroger—Vink notations.**

However, the observed Co reduction suggests that the F doping
process is accompanied by O desorption (Eq. 2).

1
05 +2Cog, — Vg + 5 Oa(g) +2Cog, 2)

Lattice O release is thermodynamically favorable under the
conditions employed in this study, a low O, partial pressure
atmosphere.®’ This process may be further promoted by the reducing
nature of F sources such as PVDF, which can decompose and release
reducing gases. The reductive F doping observed in this study is
likely attributed to O desorption (Eq. 2) followed by F incorporation
(Eq. 1). These reactions are possible because the pristine LSC64
thin film contains high-valence Co species. Assuming that the § is 0,
the formal valence number of Co is +3.4, allowing sufficient
capacity for the reduction of Co (Co** — Co** and/or Co’* —
Co?).

Since the O, activity was not controlled in this study, it is
possible that differences in the reducing nature of the F sources
altered the O vacancy concentration and electrical conductivity of

4
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In-depth elemental profiles evaluated by TOF-SIMS of (a) the pristine and the F-doped LSC64 thin films treated with (b) MgF,,

the target sample. However, the clear correlation observed between
the F source and the F concentration demonstrates that, while this
correlation may include contributions from both the equilibrium ag,
itself and O vacancy formation, F source selection is a critical
parameter determining the F content. Furthermore, as evidenced by
the non-uniform F distribution in the BiFs-treated sample and the
relatively uniform F distributions in the MgF,- and PVDF-treated
samples, appropriate selection of the F source is also essential from
the perspective of controlling the homogeneity of F distribution.

3.2 Effects of reaction temperature

The reaction temperature is also a critical parameter determining
the final F concentration and distribution homogeneity because it
affects both the equilibrium ag, of the F sources and the diffusion
rate of F~. In this section, the effect of reaction temperature was
systematically evaluated by heat treatment with MgF, at 240, 300,
350 or 500 °C for 10h. As shown in Table 1, the equilibrium ag, of
MgF, increases with temperature (240°C: 7.94 x 1071%, 300 °C:
7.03 x 1074, 350°C: 1.10 x 107%, 500°C: 1.75 x 107%7). 1t
should be noted that reaction temperature affects not only the
equilibrium ag, of the F source but also the physical properties of the
target material, such as electrical conductivity and O vacancy
concentration. However, for experimental simplicity, the F source
and target material were heat-treated simultaneously at the same
temperature in this study.

SEM observations revealed that the surface morphology
remained unchanged after the F doping for the samples treated at
240, 300, and 350 °C (Figs. 5a—5c). However, as shown in Fig. 5d,
the 500 °C-treated sample exhibited surface precipitates, indicating
side reactions at elevated temperature. Figure 5e shows the XRD
patterns of samples treated at different temperatures. For samples
treated at 240, 300, 350, and 500 °C, only peaks corresponding to
the LSC64 perovskite phase and the YSZ substrate were observed,
with no impurity phases from side reactions detected. The lattice
parameters of samples treated at 240, 300, and 350 °C were 3.760,
3.788, and 3.779 A, respectively (Table 1), all showing an increase
compared to the pristine sample (3.729 A). The degree of lattice
expansion was maximum at 300 °C and slightly decreased at 350 °C.
The lattice parameter of the 500 °C-treated sample was 3.749 A,
which decreased to nearly the same level as the pristine sample
(3.729 A). As shown in Fig. 5f, clear XPS F1s peaks were observed
from the 240 °C-, 300 °C- and 350 °C-treated samples, indicating the
high F concentrations at the surfaces. Notably, the 500 °C-treated
sample exhibited a significantly reduced Fls intensity, indicating a
substantial decrease in surface F concentration.

As shown in Fig. 6, TOF-SIMS depth profiles showed that the F~
intensity in the bulk region followed the order 240 °C < 350°C <
300 °C, consistent with the lattice parameter trend. In contrast, for
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Figure 5. SEM images showing the top surface of the F-doped LSC64 thin films treated with MgF, at (a) 240 °C, (b) 300 °C, (c) 350 °C or
(d) 500°C for 10h. (¢) XRD patterns of the pristine and the F-doped LSC64 samples. The LSC64 peaks were indexed based on the cubic
perovskite structure with space group Pm3m. The symbol () represents YSZ (substrate) peaks. (f) XPS Fls spectra of each sample.
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Figure 6.
(c) 350°C or (d) 500°C for 10h.

the 500 °C sample, the bulk F~ intensity was lower than those of the
other samples. The intensities of LaO~ and CoO™ near the surface
decreased compared to other samples, while the intensities of SrO~
and F~ locally increased. This result suggests the formation of stable
fluoride phases such as SrF, on the surface, indicating partial
decomposition of the LSC64 perovskite structure. This is consistent
with the side reactions suggested by SEM observations (Fig. 5d).

The bulk F concentration ratios (Cg/(CL, + Cs;)) measured by
EPMA were 0.22, 0.29, 0.26, and 0.09 for the samples treated at
240, 300, 350, and 500 °C, respectively (Table 1). The F concen-
tration was maximum at 300°C and decreased in the order of
350°C, 240 °C, and 500 °C. This trend does not necessarily correlate
with the increase in equilibrium ag, (240 °C < 300°C < 350°C <
500°C), indicating that F desorption or side reactions become
dominant at temperatures above 300 °C. In our experimental setup,
since the sample and the F source were set at the same temperature,
higher temperatures generally increase the O vacancy concentration,
which could enhance F incorporation.’” However, the observed
decrease in F concentration above 300°C suggests that at high
temperatures, the thermal instability of F has a greater influence than
the O vacancy concentration on determining the final F concen-
tration.

Figure 7 shows the Co K-edge XAS spectra. The degree of Co
reduction in each sample followed the order 300°C &~ 350°C <

100 150
Depth / nm

b
150 0 50
Depth / nm

100

0 50 100
Depth / nm

In-depth elemental profiles evaluated by TOF-SIMS of the F-doped LSC64 thin films treated with MgF; at (a) 240 °C, (b) 300 °C,

Normalized absorbance / a.u.

—— Pristine
. ) —— 240°C
7724 7725 — 300°C
— 350°C
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Energy / eV

Figure 7. XANES spectra of Co K-edge of the pristine and the
F-doped LSC64 thin films treated with MgF, at 240, 300, or 350 °C
for 10h. The inset shows the expanded spectra around the
absorption edge.

240°C < pristine, which corresponded to the F concentration.
Furthermore, this suggests F incorporation accompanied by O
desorption (Eq. 2) as discussed in the F-source experiment section.

TOF-SIMS depth profiles revealed that the homogeneity of F
distribution also depends on temperature (Fig. 6). The 240 °C-
treated sample showed a slight gradient in F~ intensity from the

5
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Figure 8. SEM images showing the top surface of the F-doped LSC64 thin films treated with MgF, at 240 °C for (a) 1 h, (b) 10h or (c) 40 h.
(d) XRD patterns of the pristine and the F-doped samples. The LSC64 peaks were indexed based on the cubic perovskite structure with space
group Pm3m. The symbol (@) represents YSZ (substrate) peaks. (e) XPS Fls spectra of each sample.

surface to the bulk, whereas the 300 °C- and 350 °C-treated samples
exhibited more uniform F distribution throughout the film thickness.
This improvement is attributed to the increased diffusion coefficient
of F~ with rising temperature. In contrast, the 500 °C-treated sample
showed inhomogeneous distribution with localized F~ intensity
enhancement near the surface probably due to any side reactions as
mentioned above.

These results clearly demonstrate the existence of an optimal
temperature range for topochemical F doping. At 300°C, the
increased equilibrium ap, and moderate diffusion rate achieve higher
F concentration and uniform F distribution compared to 240 °C. At
350°C, despite the even higher equilibrium ag,, F concentration
slightly decreases compared to 300°C due to F desorption or
destabilization within the structure. At 500 °C, F desorption and the
formation of stable phases such as SrF, might significantly reduce
the F concentration in the perovskite structure.

Interestingly, the F concentration of the MgF,-treated sample at
300°C was nearly equivalent to that of the PVDF-treated sample
at 240°C shown in the previous section. This indicates that
comparable F concentrations can be achieved by appropriate control
of reaction temperature, even when using different F sources.
However, since the O, activity was not controlled during the F
doping process in this study, samples with the same F concentration
may have different O concentrations depending on the reaction
conditions.

These results demonstrate that selecting an appropriate temper-
ature range (around 300 °C in this system) is crucial for obtaining
F-doped materials with controlled F concentration and uniform
distribution, by balancing the equilibrium ag, of the F source, the
diffusion rate of F~, and the thermal stability of F in the host
structure.

3.3 Effects of reaction time

The reaction time is also a critical parameter determining the final
F concentration and distribution homogeneity, because it affects both
the amount of F supplied from the F source via gas-phase and the
diffusion distance of F~ into the thin film interior. In this section, the
effect of reaction time was evaluated by heat treatment with MgF, at
240°C for 1, 10, and 40h to elucidate the kinetic aspects of the F
doping process.

6

SEM observations showed that all F-doped film surfaces were
relatively smooth regardless of reaction time, indicating minimal
impact of the F doping treatment on surface morphology (Figs. 8a—
8c). Figure 8d shows the XRD patterns of these samples. For all
samples, only peaks corresponding to the YSZ substrate and the
LSC64 perovskite phase were observed, and no crystalline impurity
phases were detected. The position of the LSC64 peaks systemati-
cally shifted toward lower angles with increasing reaction time. The
lattice parameters obtained by refinement were 3.736, 3.760 and
3.804A for the 1, 10 and 40h-treated samples, respectively
(Table 1). The degree of lattice expansion increased monotonically
with reaction time. The 40 h-treated sample showing the largest
lattice expansion among all samples prepared in this study.

As shown in Fig. 8e, XPS Fls peaks were observed in all the
samples, confirming that F incorporation into the surface proceeds
even with only 1h of treatment. The Fls peak intensity increased
with reaction time and was maximum for the 40 h-treated sample.
TOF-SIMS analysis (Fig. 9) showed that the bulk F~ intensity
increased with reaction time. The bulk F-concentration ratios
(Cg/(CLy + Cs;)) measured by EPMA were 0.05, 0.22, and 0.43
for the 1, 10 and 40 h-treated samples, respectively (Table 1). The F
concentration increased monotonically with reaction time, showing
no signs of saturation, unlike the temperature dependence observed
in the previous section. As shown in the Co K-edge XANES spectra
(Fig. 10), the degree of Co reduction increased with longer reaction
time. The Co reduction was observed even in the 1 h-treated sample,
which indicates that O desorption occurs from the early stages of the
F doping reaction.

Furthermore, TOF-SIMS depth profiles revealed that relatively
uniform F distribution was achieved throughout the entire film
thickness (100-150nm) even with only 1 hour of treatment.
(Fig. 9). If the process was diffusion-limited, a typical diffusion
profile with exponentially decreasing concentration from the surface
to the bulk would be observed. However, the observed nearly
uniform F distribution strongly suggests that the F doping process is
limited by the F incorporation reaction at the surface or the F supply
rate from the gas phase when MgF, was used as the F source. This
behavior means that F diffusion in LSC64 is fast like O diffusion
in LSC64.3% This feature explains why topochemical F doping
proceeds efficiently.



Electrochemistry, 94(6), 067001 (2026)

—
[
-~

Intensity / counts

0 50 100
Depth/ nm

150 0

Figure 9.
(b) 10h or (c) 40h.

Normalized absorbance / a.u.

—— Pristine
. ——1h
7724 7725 —— 10h
——40h
7710 7720 7730 7740
Energy / eV

Figure 10. XANES spectra of Co K-edge of the pristine and the
F-doped LSC64 thin films treated with MgF, at 240 °C for 1h, 10h
or 40 h. The inset shows the expanded spectra around the absorption
edge.

These results indicate that optimization of reaction time is
important for controlling F concentration. Although F incorporation
throughout the entire film thickness is possible even with short-time
(1h) treatment, long-time (40 h) treatment is required to obtain high
F concentrations.

Interestingly, the F concentration ratio, Cr/(CL, + Cs;), of the
MgF,-treated sample at 240 °C for 40h was 0.43, which exceeded
those of the PVDF-treated sample at 240 °C for 10h (0.33, F source
section) and the MgF,-treated sample at 300°C for 10h (0.29,
temperature section). This demonstrates that high F concentrations
can be achieved by extending the reaction time, even with low
equilibrium ag, (low temperature or weak F source). Conversely,
using high equilibrium ap, (high temperature or strong F source)
enables reaching the target F concentration in a shorter time.

Therefore, in designing practical F-doping conditions, compre-
hensive optimization of three parameters is necessary: F source,
temperature, and reaction time. While LSC64 was used as a model
case in this study, the identified correlations between reaction
conditions and F-doping behavior are expected to be applicable to
other mixed ionic-electronic conducting materials. The insights
obtained in this study provide guidelines for rational selection of
reaction conditions of topochemical anion doping to achieve precise
control of anion composition and functional properties.

4. Conclusion

In this study, we experimentally investigated the effects of the
F sources, reaction temperatures, and reaction times on the top-
ochemical F doping to LagSrg4Co0;_s thin films to establish
guidelines for precise control of anion composition in topochemical

Depth / nm

100 150 0 100 200
Depth / nm

In-depth elemental profiles evaluated by TOF-SIMS of the F-doped LSC64 thin films treated with MgF, at 240 °C for (a) 1h,

anion doping processes. The investigation revealed the following
effects of each condition.

Regarding the F source, although changes in O vacancy
concentration during the reaction may also contribute, our results
demonstrate that the F source is a critical factor determining the F
concentration in the product. The findings suggest that the F
concentration is governed by the equilibrium ap, of the F source.
However, as observed in the large F concentration gradient in the
BiF;-treated sample, the choice of F source can affect the
homogeneity of F distribution. Regarding temperature, an optimal
temperature range exists where maximum F concentration is
obtained (300°C in this study). Although higher temperatures
generally increase the O vacancy concentration, which could
enhance F incorporation, the observed decrease in F concentration
above 300 °C indicates that the thermal instability of F in the LSC64
structure has a greater influence, leading to F desorption and
decomposition reactions. Regarding time, it was found that F
concentration increases with increasing time. Furthermore, when
MgF, was used as the F source, it was found that the topochemical F
doping process is governed by surface reaction kinetics rather than
bulk diffusion limitations.

The knowledge obtained in this study provides practical guide-
lines for optimizing topochemical F doping conditions through
comprehensive consideration of F sources, temperatures, and
reaction times. While these insights were obtained by using
LSC64 as a model material, they are expected to be applicable
to diverse mixed ionic-electronic conducting materials, enabling
precise compositional control in topochemical anion doping and
contributing to the rational design of anion-doped functional
materials with tailored properties.
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