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Stress-coupled spin state switching in a spin
crossover composite modulates current in an
organic semiconductor
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The combination of spin-crossover (SCO) complexes with electrically conducting materials offers a
promising route for developing stimuli-responsive electronics, yet the mechanism of charge transport
modulation remains unexplored. Here, we investigate a bilayer heterostructure comprising silica-coated
SCO nanoparticles [Fe(Htrz),(trz)](BF4)@SiO, within a polyvinylpyrrolidone (PVP) matrix and organic
semiconductors (OSCs), where mechanical stress generated by spin-state switching within the PVP:SCO
layer modulates the conductance within the OSC layer. Through in situ piezo-resistivity characterization,
we reveal a reversible conductance modulation in the OSC layer under hydrostatic pressure, providing a
quantitative evaluation of pressure-induced stress sensitivity with the OSC layer. Crucially, the intrinsic
properties of the SCO nanoparticles dictate key characteristics of the switching device such as the spin
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transition temperature and hysteresis width, enabling tunable and non-volatile memory behavior.
Demonstrating robust switching over multiple thermal cycles—rooted in the intrinsic thermal stability of
DOI: 10.1039/d5tc02153g the SCO and validated by X-ray diffraction/optical spectroscopy analysis at elevated temperatures—this

work lays the groundwork for a new class of stress-coupled spin-electronic systems, offering a potential
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Introduction

Molecular switches have emerged as a class of promising
materials for next-generation electronics, offering unique function-
alities for information storage, logic operations, and neuro-
morphic computing applications."™ Among these, spin-
crossover (SCO) complexes of 3d*-3d” transition metal ions have
garnered significant attention due to their ability to reversibly
switch between low-spin (LS) and high-spin (HS) states under
external stimuli such as temperature, pressure, light, or mole-
cular binding.”” The spin-state transition is accompanied by
dramatic changes in magnetic susceptibility, optical absorption,
electronic polarizability, and mechanical behavior, enabling a
broad range of multifunctional device possibilities.>*™*

In addition to the direct use of SCO properties, the integration
of SCO materials into hybrid architectures with electroactive
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route for the development of piezo-resistive sensors and adaptive memory devices.

compounds—such as graphene, metallic nanoparticles, mole-
cular conductors, piezoelectric, or ferroelectric materials—
has opened new avenues for responsive and reconfigurable
electronics.""'*™° In these systems, the SCO component can
serve as a stimulus-sensitive element, while the electronic
counterpart transduces the spin-state switching effect. Among
possible configurations, organic semiconductors (OSCs) are
particularly compelling due to their mechanical flexibility,
low-cost processing, and wide use in printed and stretchable
electronics.

In a recent study, we demonstrated that the spin-state
switching of [Fe(Htrz),(trz)](BF,)@SiO, nanoparticles embedded
in a polyvinylpyrrolidone (PVP) matrix could modulate the charge
carrier mobility in a poly(3-hexylthiophene) (P3HT)-based organic
field-effect transistor (OFET).>® This effect was attributed
to mechanical stress induced in the OSC layer by the volume
expansion of the SCO particles during the spin transition, as
supported by finite element analysis. However, direct experi-
mental validation of this stress-coupled transport mechanism
was challenging due to the fragility of OFET devices.

In the present work, we address this limitation by developing
a robust two-terminal device platform based on interdigitated
electrodes (IDEs), enabling in situ electrical and piezo-resistive
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measurements. To enhance signal levels, we employ ethane-
sulfonic acid (ESA)-doped P3HT, which significantly improves
the conductivity of the OSC film. The PVP:SCO layer, composed
of [Fe(Htrz),(trz)|(BF,)@SiO, nanoparticles dispersed in a PVP
matrix, is deposited at the top of the OSC layer to form a bilayer
architecture. Under thermal cycling, we observe a clear and
reversible current modulation (25 £ 3%) in the OSC channel
that correlates with the SCO transition. Transport measurements
under an applied hydrostatic pressure of 160 MPa confirm a 97 £
3% change in conductance for the acid-doped P3HT layer,
supporting the proposed stress-coupling mechanism.

This approach offers a compelling alternative to conven-
tional current modulation strategies in organic semiconductors
(OSCs), which typically rely on gate voltages, chemical doping,
magnetic fields, or piezoelectric effects. Each of these methods
presents inherent trade-offs, for example, field-effect devices
often require high gate voltages and are prone to leakage
currents;*® chemical doping may be irreversible or unstable;>”
spintronic approaches, such as giant magnetoresistance, demand
highly precise multilayer fabrication and interface control;*® and
piezoelectric-based modulation relies on intrinsic polarization in

View Article Online
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ferroelectric or piezoelectric materials, which may involve domain
alignment.® In contrast, the spin-state switching in SCO materials
provides an externally driven, bistable, and non-volatile mecha-
nism for modulating conductivity—without requiring intrinsic
dipoles, polar crystal structures, etc. Our results establish a new
paradigm in hybrid organic electronics, where molecular spin
transition serves as programmable mechanical stimuli to modu-
late charge transport in OSC layers.

Results and discussion

The structure of SCO compound [Fe(Htrz),(trz)](BF,) is shown
in Fig. 1a and silica shelled [Fe(Htrz),(trz)](BF,) nanoparticles
were synthesized as described in ref. 30. This benchmark SCO
compound was chosen for its robust and abrupt spin transition
with hysteresis, which occurs above room temperature.*’
The size of the [Fe(Htrz),(trz)|(BF,)@SiO, nanoparticles was
modulated by controlling synthesis parameters (temperatures,
etc.), yielding nanoparticles with distinct sizes, e.g. SCO 1
(average length ~ 50 nm and width ~ 30 nm) and SCO 2
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(a) The structure of the SCO complex [Fe(Htrz),(trz)](BF,4). TEM images of the [Fe(Htrz),(trz)l(BF,)@SiO, nanoparticles obtained by controlling the

synthesis parameters show (b) smaller sized (SCO 1) and (c) larger sized (SCO 2) nanoparticles. (d) Variable temperature magnetic data for SCO 1 and
SCO 2. (e) Temperature-dependent optical reflectivity charaterization of PVP:SCO composite samples. (f) Optical photograph of an IDE substrate.
(9) A representative SEM image of the PVP:SCO 1 composite layer, deposited on the top of OSCs using spincoating. (h) A schematic cross-section of a
PVP:SCO/OSC IDE device. M represents metal electrodes. (i) Representative temperature-dependent conductance characterization of the PVP:SCO/
pristine P3HT devices (d7/dt = +5 °C min~). The dashed line indicates the midpoint temperature of the hysteresis loops, shown as a visual guide.
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(average length ~ 70 nm and width &~ 25 nm). Transmission
electron microscopy (TEM) images of these nanoparticles
are shown in Fig. 1b and 1c, respectively. High-resolution
TEM (HRTEM) confirmed the presence of a thin SiO, shell
(ca. 1-3 nm) surrounding the SCO nanoparticles (see Fig. S1 in
the SI). Temperature-dependent magnetic susceptibility mea-
surements (Fig. 1d) revealed that the SCO 1 powder exhibited
spin transition temperatures at 80 °C (Ty,; when cooling)
and 99 °C (T, when heating). Regarding the SCO 2 powder
sample, it showed a slightly wider temperature hysteresis
compared to the SCO 1 powder sample, with spin transition
temperatures at 80 °C (Ty,,; when cooling) and 107 °C (T4,
when heating). These different SCO behaviors were further
corroborated by temperature-dependent reflectivity measurements
(Fig. 1e) on the PVP:SCO composites. The PVP:SCO 1 composite
displayed a Ty, at 62 °C and Ty, at 92 °C (30 °C hysteresis),
while the PVP:SCO 2 composite showed a T, at 62 °C and
Tij21 at 112 °C (50 °C hysteresis). A slight shift in the SCO
behavior between the powder and composite samples was
observed, consistent with previous reports which revealed
similar differences in other SCO systems.'®*'*> A first series
of PVP:SCO/OSC IDE devices were fabricated using pristine
P3HT as the conduction layer. An example of one IDE device
is shown in Fig. 1f (see also Fig. S2 in the SI). The SCO
composite/P3HT films were deposited on the device succes-
sively. Scanning electron microscopy (SEM) characterization of
the surface morphology (Fig. 1g) confirmed that the PVP:SCO 1
composite nanoparticles formed a continuous top layer, ensur-
ing full surface coverage.

The schematic cross-section of the PVP:SCO/OSC interdigi-
tated electrode (IDE) device is illustrated in Fig. 1h. The device
consists of an organic semiconductor (OSC) layer deposited
between two platinum electrodes, with a top layer of the
PVP:SCO composite. The PVP:SCO layer does not contribute
to the measured current, as both the SCO particles and PVP are
inherently insulating materials. A voltage bias was applied to
the electrodes, while temperature was varied to control the spin
states of the SCO material. This setup allowed us to investigate
the effect of the SCO phenomenon on charge transport
within the conducting layer (OSC layer) by monitoring the
temperature-dependent current characteristics. As shown in
Fig. 1i, a complete heating-cooling cycle was performed on
both SCO 1 and SCO 2 composites-based IDE devices. The
results revealed a pronounced increase in conductivity at
elevated temperatures, followed by an abrupt drop at lower
temperatures (T, at 63 °C and Ty, at 93 °C for the PVP:SCO
1/P3HT-IDE device and T, at 65 °C and T;,,; at 115 °C for the
PVP:SCO 2/P3HT-IDE device, respectively). The hysteresis loop
enables a direct comparison of conductance between the LS
and HS states at the same temperature, eliminating ordinary
thermal activation effects. Here we used the current value at the
hysteresis midpoint temperatures (78 °C for the SCO 1 device
and 90 °C for the SCO 2 device) to obtain the conductance
switching ratio,'®>? which can be calculated as (Iy;g — Irs)/ILs X
100%. As shown in Fig. 1i, the PVP:SCO/P3HT-IDE devices
exhibit switching ratios of approximately 50% for SCO 1 and

This journal is © The Royal Society of Chemistry 2025
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70% for SCO 2, which are in line with the state-of-the-art values
reported in the literature.">'®*2> The current switching beha-
vior aligns with the SCO properties, as evidenced by the
temperature-dependent magnetic and reflectivity measure-
ments. The observed conductivity modulation within the OSC
layer is attributed to the spin state switching in the SCO
composite, which induces changes in the mechanical proper-
ties of the system (vide infra).

While pristine P3HT is one of the most extensively studied
organic semiconductor (OSC) materials, its intrinsic charge
transport properties remain inferior to those of inorganic
conductors. Doping has been widely used as an effective
strategy to significantly enhance its conductivity.>”** Among
the various doping techniques, acid doping has recently
emerged as a particularly promising approach, offering sub-
stantial improvements in not only device performance, but also
environmental stability.>* In the present study, we employed
ethanesulfonic acid (ESA) as a doping agent due to its favorable
properties, including excellent thermal stability, environmental
compatibility, moderate acidity and low volatility.>® The doping
mechanism involves the interaction between the lone pair
electrons of sulfur atoms in P3HT and the sulfonic acid groups
of ESA, as illustrated schematically in Fig. 2a. ESA was intro-
duced into a P3HT/chlorobenzene solution at two concentra-
tions (1% and 10% by weight). The solutions were vigorously
stirred at room temperature and then at 60 °C for 24 hours to
ensure complete doping. As shown in Fig. S3a in the SI, the
solution color deepened with increasing ESA concentration,
indicating successful doping. This was further corroborated
by UV-Vis absorption spectra of the spin-coated thin films
(Fig. S3b). Notably, ESA itself remains transparent in the liquid
state, confirming that the color change arises from the doping
reaction. Electrical characterization of the doped films revealed
significant enhancements in conductivity. Room-temperature
current-voltage (I-V) measurements demonstrated that 1% and
10% ESA doping increased its conductivity by approximately
two and three orders of magnitude, respectively, compared to
pristine P3HT (Fig. 2b). However, higher ESA concentrations
(10%) led to the formation of insoluble species after doping,
resulting in less homogeneous films with visibly rougher sur-
face topography—consistent with previous reports on other
acid-doped P3HT systems.>* Consequently, a 1% ESA concen-
tration was selected for subsequent studies, as it provided
an optimal balance between electrical conductivity and film
morphology.

Importantly, we fabricated a control device (Fig. 2¢) in which
the top layer consists of pristine PVP (without SCO nano-
particles) on ESA-doped P3HT. This device exhibited only a
quasi-linear increase in conductance with temperature without
hysteresis (Fig. 2d). Next, the SCO 1 composite was incorpo-
rated into a bilayer device configuration (PVP:SCO/acid-doped
P3HT) to demonstrate a proof-of-concept for current switching
using the acid-doped OSC as the conducting layer. It is worth
noting that SCO 1 was selected due to its lower SCO tempera-
ture. Temperature-dependent conductance measurements were
carried out under varying voltage biases (ranging from 0.01 V
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Fig. 2 (a) Schematic illustration of the doping reaction of P3HT with ESA in chlorobenzene. (b) /-V characterization of ESA:P3HT films with different

doping levels. (c) A schematic cross-section of a PVP/doped-OSC IDE control device. M represents metal electrodes. (d) Temperature-dependent
conductance characterization of a SCO-free control device (bilayer of 1% ESA-doped P3HT and PVP). (e) Temperature-dependent conductance
characterization of a PVP:SCO 1/1% ESA-doped P3HT IDE device. Temperature-dependent current characterization of a SCO-based device at 0.1 V

(dT/dt = £5 °C min™).

to 5 V; see Fig. S4 in the SI for the complete dataset). Repre-
sentative results under 0.1 V are shown in Fig. 2e. A pro-
nounced increase in current intensity was observed near
95 °C during heating, followed by a corresponding decrease
near 66 °C during cooling. Compared to the result of the SCO-
free control device (Fig. 2d), the abrupt conductance change
and the presence of hysteresis can be clearly attributed to the
introduction of the SCO component. Within the thermal hys-
teresis region, the SCO complex can exist in either the low-spin
(LS) or high-spin (HS) state, depending on the thermal history
of the sample. The conductance switching ratio, calculated as
(Ius — Is)/ILs x 100% at the midpoint temperature within the
hysteresis loop (78 °C), was in the range of 25 4+ 3%. This value
is lower than that observed in PVP:SCO/pristine P3HT IDE
devices (50-70%) and the difference is likely attributable to a
reduction in the piezo-resistive effect of P3HT upon acid
doping. A preliminary study examining the effects of device
geometry, piezo-resistive layer properties, and SCO composite
characteristics on current switching behavior is presented in
the SI (Fig. S5 and S6), highlighting the versatility of the system.

To evaluate the piezo-resistive properties of the 1% ESA-
doped P3HT film, current-voltage (I-V) measurements were
conducted under externally applied hydrostatic pressure.
A custom-designed printed circuit board (PCB) was used, with
interdigitated electrodes connected via wire bonding (Fig. 3a).
The PCB was placed inside a pressure cell, and the pressure was
incrementally increased from 0 to 160 MPa, followed by stepwise
depressurization. The conductance changes closely followed the
applied pressure, as shown in Fig. 3b. The data in Fig. 3c reveal
a quasi-linear increase in conductance with increasing pressure,

18908 | J. Mater. Chem. C, 2025, 13,18905-18912

which was reversible upon pressure release. The current switching
ratio across the entire ascending pressure range was approximately
97 £ 3%. This piezo-resistive behavior can be correlated with the
spin state switching observed in SCO/OSC IDE devices. During the
SCO event, these devices exhibited a 25% resistance change,
equivalent to the effect of an applied hydrostatic pressure of
approximately 40 MPa.

Given that the OSC film is constrained between rigid metal-
lic electrodes, preventing expansion/contraction along the cur-
rent flow direction (¢, = 0), the stress in this direction (o,) can
be estimated using the following equation:

where E and v are Young’s modulus and Poisson’s ratio of the
OSC film, respectively, and o), is the stress applied normal to
the substrate plane. Using typical values for Poisson’s ratio
(v = 0.2-0.3), the stress g, was estimated to be on the order of
10 MPa, corresponding to the observed 25% resistance change.
This value is consistent with finite element simulations
reported in prior work,”® which predicted a stress of approxi-
mately 3 MPa generated by the SCO phenomenon within the
OSC layer. The quasi-linear, reversible conductance increase
under hydrostatic pressure confirms the inherent piezo-
resistive sensitivity of the ESA-doped P3HT layer, independent
of SCO switching. In contrast, the thermally induced conduc-
tance hysteresis observed in the PVP:SCO/OSC bilayers directly
follows the SCO, supporting a mechanically coupled, bistable
switching mechanism distinct from simple extrinsic pressure
effects. These experimental results provide strong evidence for

This journal is © The Royal Society of Chemistry 2025
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(a) Photograph of the IDE device mounted on the PCB for the pressure-dependent current characterization. (b) Heat map of pressure-dependent

current characteristics on a 1% ESA-doped P3HT IDE device. (c) Representative /-P curves recorded at 0.1 V applied bias for increasing and decreasing
pressure values. The current switching ratio refers to the current variation when going from 0.1 to 160 MPa. (d) Schematic diagram illustrating the
mechanism of how SCO modulates the conductance within the OSC layer. The volume of the SCO particles increases significantly when switching
from the low-spin (LS) to the high-spin (HS) state, inducing compressive stress in the OSC layer. This transition is also accompanied by a visible color
change—from purple in the LS state to white in the HS state—for both SCO1 and SCO2 samples.

the proposed strain-coupling mechanism, demonstrating its
viability for sensing spin state changes in SCO/OSC bilayers.
The mechanism underlying current modulation in the bilayer
device structure is schematically illustrated in Fig. 3d. Upon
heating, the spin-crossover (SCO) material changes from the LS
to the HS state. This spin transition is accompanied by a
significant volume expansion of ca. 10.5% of the particles due
to the electronic configuration change, i.e. population of the
antibonding e, orbitals in the HS state.’® This dilation of the
particles gives rise to a ca. 2.5% expansion of the PVP:SCO
composite film normal to its surface, which was observed using
confocal microscopy (see Fig. S7 in the SI for more details).
This value is comparable to those obtained for similar SCO-
polymer composite films by means of conventional mechanical
testing.’” On the other hand, the composite film is not free to

This journal is © The Royal Society of Chemistry 2025

expand in the substrate plane, thus generating mechanical
stress inside. When integrated on the top of an organic semi-
conductor (OSC) layer, this stress is transmitted, leading to the
compression of the underlying OSC film. As the OSC material
exhibits piezo-resistive behavior, the applied stress alters its
charge transport characteristics, resulting in a reversible modu-
lation of conductance that follows the SCO switching. This
stress-coupled mechanism enables a bistable, non-volatile con-
trol of electrical properties.

To assess the cycling endurance of the device, over 100
thermally induced resistance switching cycles were performed
over three days. The device was subjected to temperature ramps
between 40 °C and 120 °C at a rate of +5 °C min~*, under a
constant bias voltage of 0.1 V. As shown in Fig. 4a, the device
retained its current switching capability throughout the cycling

J. Mater. Chem. C, 2025, 13,18905-18912 | 18909
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Fig. 4 (a) Current switching cycles between 40 and 120 °C in a PVP:SCO 1/1% acid-doped P3HT interdigitated electrode device under a constant bias

voltage of 3 V with a temperature ramping rate of 5 °C min™. Zoomed-in views are also shown for the 99th—101st switching cycles. (b) Kinetics of
changes of the optical absorbance at 350 nm, cycling between 40 and 120 °C with a temperature ramping rate of 5 °C min~2. (c) XRD patterns of the

PVP:SCO 1 composite film before and after thermal cycles between 40 and

with limited fatigue. To further investigate the stability of the
SCO composite, kinetics-absorbance measurements were con-
ducted during thermal cycling (Fig. 4b). Abrupt and reversible
changes in absorbance were observed, corresponding to the
SCO transition. Over 300 minutes, 20 switching events were
recorded without significant fatigue, and the absorbance values
at the LS and HS states remained stable before and after the
kinetic measurements. This indicates that the thermal cycles
did not affect the intrinsic SCO properties of the composite
layer. X-ray diffraction (XRD) analysis was performed before
and after thermal cycling to evaluate structural stability
(Fig. 4c). The XRD spectra revealed no appreciable changes in
the crystal structure, further confirming the robustness of the
SCO composite under repeated thermal cycling.

Conclusions

In summary, we demonstrate a robust stress-coupling mecha-
nism in spin-crossover (SCO)-organic semiconductor (OSC)
bilayer heterostructures, where spin-state switching in SCO
composites directly modulates the conductance of both pristine
and acid-doped P3HT via mechanical strain. Silica-coated SCO
nanoparticles (SCO 1 and 2) with tunable transition properties
(e.g., hysteresis widths of 19-27 °C) were integrated into
a bilayer architecture, enabling a proof-of-concept adaptive
memory platform.

18910 | J Mater. Chem. C, 2025, 13, 18905-18912

120 °C for three days.

By employing 1% ethanesulfonic acid (ESA)-doped P3HT, we
enhanced conductivity by two orders of magnitude, creating an
energy-efficient strain-sensing layer. In this optimized system,
reversible current modulation (25 £ 3%) synchronized with the
SCO was achieved, while hydrostatic pressure experiments
validated the strain-coupling mechanism—revealing a 97 +
3% conductance change in 1% ESA-doped P3HT under 160
MPa applied pressure. The quasi-linear pressure-dependent
conductance change allows for the estimation of the in-plane
compressive stress (ca. 10 MPa) in the OSC layer due to the SCO
phenomenon. This experimental result is in line with the
previously reported finite element analysis data. The devices
exhibited high endurance (>100 cycles) and stability.

This work establishes SCO-driven strain engineering as a
versatile strategy for organic electronics, eliminating the need for
external fields or complex doping. By decoupling spin-state switch-
ing from charge transport, our approach opens avenues for stress-
coupled spin-organic electronics. These findings motivate future
efforts to optimize room-temperature SCO materials and enhance
the piezo-resistive response of organic semiconductors.

Experimental
Sample preparation

IDEs were prepared on top of glass substrates by Ti/Pt (10 nm
and 200 nm, respectively) lift-off using a 5 pm negative NLOF

This journal is © The Royal Society of Chemistry 2025
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2035 resist (purchased from MicroChemicals). The obtained
devices were rinsed successively by acetone (VLSI, 99.5%) and
ethanol (VLSI, 99.9%) for 5 min under sonication. They were
then dried by a nitrogen gas flow and cleaned by UV/O;
treatment (10 min). The rest of the procedure was carried out
in a glove box (0,/H,O < 3 ppm). Ethanesulfonic acid (>96%)
and P3HT (regioregular, average Mn = 54 000-75 000 g mol ;
>98% head-to-tail) were purchased from Sigma-Aldrich. For
OSC deposition in the bilayer devices, a thickness of ca. 100 nm
was obtained by spin-coating (15 mg ml~* P3HT in chloroben-
zene, 1200 rpm for 30 s). For the SCO deposition, the SCO
nanoparticles (synthesized as described in ref. 30) and PVP
(40-50G, purchased from Sigma-Aldrich) were mixed with
ethanol at concentrations of 50 mg ml~* and spin-coated on
top of the OSC layer at 1200 rpm for 30 s (thickness of ca. 450 nm),
followed by thermal annealing (80 °C, 10 min). Finally, for the
device encapsulation, a glass slide was placed on the sample and
sealed all around with a UV-curable epoxy (DELO Katiobond
LP655). The doping process was described in the main text. Since
the color of highly doped P3HT is rather deep to facilitate optical
absorption studies (Fig. S3b), a thin film (ca. 15 nm) of doped
(0, 1% and 10%) P3HT was prepared (10 mg ml~' P3HT in
chlorobenzene, 3000 rpm for 30 s). These films were used to
compare the optical absorption and electrical conductance.

Sample characterization

Temperature-dependent magnetic susceptibility measurements
were performed using a Quantum Design MPMS-XL magnetometer
at heating and cooling rates of 2 K min™~" in a magnetic field of 10
kOe. The SCO phenomenon in the composite films was detected by
measuring the temperature-dependent optical absorption spectrum
using a Cary 50 (Agilent) spectrophotometer and a THMS600
(Linkam Scientific) heating-cooling stage. Atomic force microscopy
(AFM) surface topography images were acquired under ambient
conditions in tapping mode using a SMART-SPM (Horiba) equipped
with HQ:NSC15/Al BS probes (MikroMasch, 40 N m ™, 300 kHz).
Variable temperature confocal microscopy measurements were
conducted using an S-NEOX (Sensofar) instrument with a
zresolution of ca. 4 nm, in combination with the THMS600 stage.
Current-voltage and current-temperature characteristics of the IDE
junctions were analyzed using a Keithley-6430 source-meter and a
heating—cooling probe station (Linkam Scientific HFS350EV-PB4)
equipped with gold-tipped tungsten probes. For electrical character-
ization under an externally applied pressure, the IDEs were con-
nected by wire-bonded flexible leads to high-pressure feedthrough
connectors in a commercial high-pressure cell (Novocontrol Tech-
nologies). Silicone oil was used as a pressure-transmitting medium,
and the electrode assembly was fully immersed in oil to provide
hydrostatic conditions. X-ray diffraction (XRD) experiments were
carried out in a PANalytical X’Pert PRO MPD system using Cu-Ko
radiation with a parallel-beam configuration.
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