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Abstract 

Chirality-induced spin selectivity observed in chiral 2D organic–inorganic hybrid perovskite holds 

promise to achieve spin-dependent electrochemistry. However, conventional chiral 2D perovskites 

suffer from low conductivity and hygroscopicity, limiting electrochemical performance and 

operational stability. Here, we introduce a cutting-edge material design to develop a stable and 

efficient chiral perovskite-based spin polarizer by employing fluorinated chiral cation. The 

fluorination approach effectively promotes the charge carrier transport along the out-of-plane 
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direction by mitigating the dielectric confinement effect within the multi-quantum well-structured 2D 

perovskite. Integrating the fluorinated cation incorporated spin polarizer with BiVO4 photoanode 

considerably boosts the photocurrent density while reducing overpotential through a spin-dependent 

oxygen evolution reaction. Furthermore, the hydrophobic nature of fluorine in spin polarizer endows 

operational stability to the photoanode, extending the durability by 280% as compared to the device 

with non-fluorinated spin polarizer. 

 

1. Introduction 

Sluggish oxygen evolution reaction (OER) during photoelectrochemical (PEC) water splitting 

results in significant energy loss due to complex four-electron transfer reactions.[1] Mitigating the 

OER kinetic barrier at the photoanode is imperative to enhance overall solar-to-hydrogen 

efficiency.[2,3] Recently, spin-dependent electrochemistry (SDE) offers an innovative approach to 

modulate multi-step OER reactions by aligning the spin state of the charge carriers.[4]  

Theoretically, spin-polarized carriers promote triplet oxygen (3O2) generation while inhibiting 

energetically unfavored singlet oxygen (1O2) formation and the competitive by-product, hydrogen 

peroxide (H2O2).
[5-7]  SDE generally necessitates an external magnetic field to accomplish carrier 

spin-polarization at room temperature.[8,9] In contrast, chiral materials, characterized by their non-

superimposable mirror images, have gained notable attention in the field of SDE due to their 

impressive spin-polarizability without a need for external magnets.[10-12] Specifically, the helical 

potential in the chiral materials, which inherently generates an effective magnetic field, can 

effectively polarize the spin states of charge carriers, known as chirality-induced spin-selectivity 

(CISS).[13]  



 

  

 

This article is protected by copyright. All rights reserved. 

4 

 

To date, the CISS phenomenon observed in chiral materials, such as organic molecular 

monolayers[14-16] and chiral inorganic compounds,[6,12,17,18] has been applied to address the sluggish 

kinetics during OER. However, such chiral materials suffer from a low degree of spin polarization 

(Pspin), resulting in limited spin state manipulation.  Recently, multi-layered chiral organic–

inorganic hybrid two-dimensional perovskite (cOIHP) has been proposed as an ideal spin polarizer 

owing to the synergetic effect between significant chirality of the organic molecules and large 

spin-orbital coupling of the inorganic layers.[13, 19]  The chiral organic cations, sandwiched between 

the inorganic layers in cOIHP, are able to generate repetitive helical potentials that align the spin 

state of the transporting charge carriers through multiple CISS processes, leading to a high degree 

of Pspin exceeding 80%.[20-22] Furthermore, the cOIHP is solution-processible, enabling facile 

heterostructure formation with conventional semiconductors.  Based on these advantages, the 

SDE-derived photoanode device with embedded cOIHP on Mo-doped BiVO4 (BVO) demonstrated 

enhanced OER kinetics compared to photoanode without CISS effect.[23]  

Despite the promising spin polarization capability of cOIHP-embedded photoanode, its 

low conductivity poses inherent challenges that impede further improvement in PEC performance.  

Poor conductivity mainly stems from the multi-quantum well (MQW) structured cOIHP, causing 

the dielectric confinement effect between the low dielectric constant of the chiral organic layer 

(εorganic) and the high dielectric constant of the inorganic layer (εinorganic).
[24-26] The significant 

dielectric constant mismatch leads to huge exciton binding energy (Eb), which confines carriers 

within MQW,[27] consequently impairing out-of-plane conductivity where the CISS phenomenon 

develops.[19] Meanwhile, the water instability of cOIHP is another hindrance to the spin-

dependent OER on the photoanode. The hygroscopic nature of the organic molecules makes 
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cOIHP vulnerable to water, hampering long-term operational stability.[28,29] Therefore, it is 

necessary to develop a rational material design to simultaneously modulate the out-of-plane 

conductivity and the hydrophobicity of cOIHP for improved spin-dependent OER performance 

while guaranteeing durability.  

Herein, we present a novel cOIHP spin polarizer through fluorination of the chiral cation, 

changing from conventional (S)-methyl-benzylamine (S-MBA) to (S)-ortho-fluorinated-methyl-

benzylamine (S-2F-MBA). S-2F-MBA cation incorporated within cOIHP (hereafter, S-2F-MBA cOIHP) 

is proficient in mitigating the dielectric confinement effect because the most electronegative 

fluorine atom can remarkably increase εorganic.
[30, 31] As a result, the diminished Eb in S-2F-MBA 

cOIHP significantly facilitates spin-polarized charge transport through the out-of-plane direction 

compared to the S-MBA-based cOIHP (hereafter, S-MBA cOIHP). We integrate S-2F-MBA cOIHP 

into the BVO photoanode as an embedded spin polarizer (denoted as BVO_S-2F-MBA). The 

resulting BVO_S-2F-MBA device can more effectively transfer spin-polarized holes to the catalytic 

surface when compared to S-MBA cOIHP-embedded device (denoted as BVO_S-MBA). 

Consequently, the BVO_S-2F-MBA exhibits a significantly higher photocurrent density of 4.6 mA 

cm⁻2 for OER with respect to the S-MBA_BVO counterpart (3.35 mA cm⁻2), while suppressing by-

product H2O2 formation. Moreover, the hydrophobic characteristic of fluorine reinforces the 

water stability[31]  of the S-2F-MBA cOIHP spin polarizer, along with the synergetic effect with 

specific device architecture design, dramatically improving operational stability up to 6 h in a 

polar electrolyte without any encapsulation. Our findings suggest a promising design rationale for 

a highly conductive and stable cOIHP spin polarizer to implement the enhanced spin-dependent 

OER on the photoanode. 
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2. Result and Discussion 

2.1. Fabrication of spin-dependent OER photoanode by integrating cOIHP on BVO 

Figure 1a visualizes the crystal structures of (S-2F-MBA)2PbI4 and (S-MBA)2PbI4 cOIHPs incorporating 

S-2F-MBA (see Table S1 for detailed structural parameters) and S-MBA cations,[32] respectively. Both 

chiral cations crystallized into Ruddlesden-Popper two-dimensional (2D) layered structure, where 

they are sandwiched between (PbI6)
4- inorganic octahedra. We found that the S-2F-MBA cOIHP 

belongs to the globally centrosymmetric P21/n space group. However, it is worth noting that the local 

inversion symmetry breaking in the inorganic sublattice should be regarded as a crucial structural 

descriptor for identifying chirality in 2D organic-inorganic perovskite structures beyond the global 

space group, emphasizing the necessity to consider local structural details in determining the 

chirality of cOIHPs. Therefore, we compare the inorganic layer distortion angles of the S-2F-MBA 

cOIHP with the racemic (rac)-2F-MBA cOIHP, which also belongs to the centrosymmetric P ̅ space 

group as shown in Figure S1 (Supporting Information). Remarkably, the inversion symmetry was 

broken in the inorganic framework of the S-2F-MBA cOIHP, whereas the inversion centers are 

retained at the Pb atoms of the rac-2F-MBA OIHP inorganic frameworks (i.e., the same angle exists 

on the opposite side). In other words, although both S-2F-MBA cOIHP and rac-2F-MBA cOIHP are 

assigned to the globally centrosymmetric space group, only the S-2F-MBA cOIHP reveals a broken 

inversion symmetry feature in the inorganic framework. Therefore, these observations validate that 

the chirality of the S-2F-MBA cation is structurally transferred into the inorganic framework by 

breaking the inversion symmetry of the inorganic framework.[32,33] Subsequently, X-ray diffraction 

(XRD) spectra obtained from cOIHP thin films showed repeated sharp diffraction peaks of the (002l) 
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plane at regular intervals (Figure 1b), indicating both layered cOIHP structures were parallelly grown 

on the fluorine-doped tin oxide (FTO) glass substrate.[21] The lowest 2θ peak, which indicates the 

(002) plane, of the S-2F-MBA cOIHP thin film at 6.32° was slightly shifted to smaller degrees from 

6.34° of the S-MBA cOIHP due to the steric effect of fluorine (Figure 1a). Notably, when the cOIHP 

layer was deposited on the BVO surface, the XRD spectra showed that both layered cOIHPs were 

successfully grown in parallel on top of the BVO (Figure 1c), as illustrated in Figure S2a (Supporting 

Information). The scanning electron microscope (SEM) images demonstrate that the nanoporous 

surface of bare BVO (i.e, without cOIHP) was entirely covered by the 80 nm-thick cOIHP with smooth 

surface morphology (Figure S2b-e, Supporting Information). Furthermore, the BVO_cOIHP structure 

showed distinct circular dichroism (CD) spectra around 490 nm (Figure 1d), unlike bare BVO. This CD 

signal originates from the intrinsic chirality of the cOIHPs,[22,34] as confirmed by the CD of the pristine 

cOIHP thin films (Figure S3a, Supporting Information). Moreover, the absorbance spectra of the 

BVO_cOIHP structure further evidence that the layered structure and chirality of the cOIHP were 

maintained in the heterostructure with BVO (Figure 1e and Figure S3b, Supporting Information). 

Because the optical interference possibly originates from linear birefringence and linear dichroism 

(LDLB) effect, the transmittance CD measurement of the solid-state thin film may contaminate the 

observed CD spectra [35,36,37]. In this regard, the genuine CD (CDtrue) of the cOIHP was evaluated by 

flipping the BVO_cOIHP samples according to the light propagation axis (Figure S4a and b, 

Supporting Information), revealing that the calculated CDtrue is  marginally affected by optical 

interference. Moreover, the anisotropy factor of the CDtrue in Figure S4c (Supporting Information) 

revealed that both BVO_S-2F-MBA and BVO_S-MBA possess the same handedness owing to the 

identical (S)- configuration of the chiral cation incorporated in cOHIP structure. 
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Figure 2a depicts the photoanode configuration of FTO/SnO2/BVO/cOIHP/poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine](PTAA)/NiFe/NiFeOOH for OER analysis. The non-polar PTAA 

was selected as a suitable hole transport layer (HTL) in the OER photoanode device.[38] Moreover, 

the NiFe (~16 nm) served as a physical barrier, preventing the water-sensitive cOIHP layer from 

direct exposure to the polar solvent. It is worth noting that this cOIHP-buried device architecture 

differs from the previously presented spin-dependent OER photoanode based on the cOIHP [23] in 

that ultrathin TiO2 protecting layer was replaced with NiFe ferromagnetic layer, to effectively 

preserve the spin state of the charge carriers. Furthermore, the catalytic layer has been changed 

from the particle-transferred NiFeOx to the electrodeposited highly active NiFeOOH (see details in 

the Experimental section). Importantly, to scrutinize carrier transfer behavior for OER, the overall 

equilibrium band diagram of the photoanode device (Figure 2b) was determined using ultraviolet 

photoelectron spectroscopy analysis (Figure S5, Supporting Information).[21,23] Figure 2b 

demonstrated that photogenerated holes developed within the BVO photoabsorber can 

spontaneously transfer to the NiFeOOH catalytic layer, passing through the cOIHP spin polarizer, 

thereby inducing spin-dependent OER at the catalytic surface. To verify the energy band structure, 

photoluminescence (PL) analyses were conducted using BVO_cOIHP configuration to confirm the 

hole transport at the BVO and cOIHP heterojunction (Figure S6a). Importantly, the bare BVO 

exhibited a broad PL peak centered near 512 nm, whereas the PL peak of BVO_cOIHP structure was 

red-shifted to 530 nm, which corresponds to the peak position of the pristine cOIHP thin film (Figure 

S6b, Supporting Information). Such a bathochromic PL shift indicated that photoexcited holes in the 

BVO photoabsorber are effectively transferred to cOIHP spin polarizer (Figure 2b).[39] Therefore, the 

band diagram confirmed that our modified photoanode architecture effectively works for the spin-
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dependent OER at the catalytic surface while promoting stable operation without the need for 

additional encapsulation. 

Subsequently, linear sweep voltammetry (LSV) analyses were conducted with each device in 

a K-Bi electrolyte (pH 9) under back illumination (Figure 2c). The control sample of a bare BVO device 

(i.e., without spin polarizer) exhibited a photocurrent density of  .96 mA cm⁻2 at 1.23 V vs. the 

reversible hydrogen electrode (VRHE) with an onset potential (Vonset) of ~0.8 VRHE. Surprisingly, a 

substantially improved OER performance was observed upon the introduction of cOIHP on the BVO. 

Particularly, the BVO_S-2F-MBA and BVO_S-MBA devices delivered the best photocurrent density of 

4.6 mA cm⁻2 and 3.35 mA cm⁻2 (at 1.23 VRHE), respectively, with significantly low Vonset (< 0.4 VRHE). 

Remarkably, the simultaneous enhancements in photocurrent density and Vonset as well as fill factor 

led to a notable increase in the applied bias photon-to-current conversion efficiency (ABPE). As 

shown in Figure 2d, the ABPE for bare BVO was 0.21% (at 1.01 VRHE), which increased to 0.85% (at 

0.77 VRHE) for BVO_S-MBA and 1.39% (at 0.73 VRHE) for BVO_S-2F-MBA. Moreover, the incident-

photon-to-current-efficiency (IPCE) also confirmed that the photoanode devices with cOIHP 

exhibited higher IPCE compared to bare BVO across the entire spectral region (Figure 2d), and the 

integrated photocurrent density is well matched with the LSV curve in Figure 2c. To unravel the 

origin of the significantly enhanced PEC performance upon integrating the cOIHP, it is essential to 

explore whether the cOIHP affects catalytic activity or contributes to the production of additional 

photoexcited carriers. Therefore, we compared LSV results of the BVO_cOIHP and cOIHP-only OER 

devices (i.e., without BVO, Figure S7, Supporting Information) under either illumination or darkness, 

revealing that the presence of the cOIHP layer has a negligible effect on the electrochemical 

behavior of the NiFeOOH catalyst under dark condition. Moreover, in contrast to the superior light-
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harvesting behavior observed in the BVO_cOHIP devices (Figure S7a, Supporting Information), the 

cOIHP-only devices generated an infinitesimal photocurrent density under illumination condition (~ 

0.1 mA cm⁻1, Figure S7b, Supporting Information). This suggested that the photoelectric conversion 

efficiency from cOIHP itself was extremely low, primarily due to low dimension,[40] confirming no 

extra photogeneration by the embedded cOHIP.  

 

2.2. CISS effect of the cOIHP spin polarizers 

We also fabricated the BVO photoanode with racemic (rac)-OIHPs, incorporating rac-MBA and rac-

2F-MBA cations respectively, and verified the absence of the chirality within both rac-MBA OIHP and 

rac-2F-MBA OIHP using CD spectra (Figure S8, Supporting Information). Notably the BVO_rac-OIHP 

device exhibited relatively inferior PEC performance, as characterized by lower photocurrent density 

and higher Vonset (refer to LSV curve in Figure S9, Supporting Information) compared to the 

BVO_cOIHP devices  (Figure 2c). Therefore, it is reasonably speculated that the simultaneous 

improvement in photocurrent density and Vonset in BVO_cOIHP devices likely arises from the 

facilitated transfer of spin-controlled photogenerated holes from BVO to the NiFeOOH catalyst by 

passing through cOIHP spin polarizer.[18-22]  In this context, the spin-dependent carrier dynamics of 

cOIHP with different cations were verified by confirming the CISS effect using the properly fabricated 

devices (hereafter, CISS measurement devices), following the previously reported protocol.[41,42] As 

shown in Figure S10 (Supporting Information), the cOIHP layer was deposited on the Ni/Al2O3 CISS 

measurement device substrate with a thickness of 80 nm, which is comparable to the cOIHP spin 

polarizer on the BVO (Figure S1e, Supporting Information). The ferromagnetic Ni electrode at the 
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bottom can polarize the spins of injected carriers into a specific state depending on the pre-

magnetization direction. Therefore, the spin-polarized carriers injected from Ni layers travel through 

cOIHP, where multiple CISS processes occur in the out-of-plane direction. In this case, the degree of 

spin-polarized current (Pspin) can be calculated to quantitatively determine the CISS effect based on 

equation (1): 

 spin  
  p -  down
  p    down

                                               (1) 

where Iup and Idown represent the averaged current value from 10 times measurements as a function 

of up- or down-magnetization directions, respectively. The results of the CISS measurement are 

shown in Figure 3a-b, along with the raw data plotted in Figure S11 (Supporting Information). 

Remarkably, the CISS measurement devices fabricated with both S-2F-MBA and S-MBA cOIHPs 

showed a higher Idown compared to Iup, having Pspin
 of 88.9% for S-2F-MBA cOIHP (Idown of –249 nA and 

Iup of –14.6 nA at –1.8 V) and Pspin
 of 86.6% for S-MBA cOIHP (Idown of –39.6 nA and Iup of –2.84 nA at –

1.8 V).[41] These results indicated that both cOIHP act as spin polarizers along the out-of-plane 

direction relative to the substrate, preferring the down-spin state because of the same chirality 

(Figure S4, Supporting Information). In contrast, both rac-2F-MBA and rac-MBA OIHPs lack spin 

polarizability in which the Iup and Idown were nearly identical in CISS measurement (Figure S12, 

Supporting Information). Although the photocurrent of the BVO_rac-OIHP device revealed slight 

improvement compared to the bare BVO (Figure S9, Supporting Information), furthermore, its Vonset 

of ~0.5 VRHE is significantly higher than that of the BVO_cOIHP device (< 0.4 VRHE, Figure 2c).  Given 

that high Vonset is primarily attributed to the sluggish OER kinetic barrier,[10,[43, 44]] the inferior OER 

performance of the BVO_rac-OIHP (Figure S7, Supporting Information), as manifested by higher 
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Vonset, lower photocurrent density, and poor fill factor relative to the BVO_cOIHP (Figure 2c), 

underscores the importance of exploring the spin-dependent OER kinetics upon the embedment of 

cOIHP.  

 

2.3. Elucidation of the spin-dependent OER mechanism 

Fundamentally, the OER involving a complex four-electron transfer faces significant kinetic barriers 

arising from extensive side reactions during the OH• intermediates formation.[6] However, SDE can 

quantum mechanically facilitate the OER kinetics by restricting these sluggish reaction paths. As 

illustrated in the energy diagram in Figure 3c, when two OH• radicals have parallel spin states, the 

energetically favorable 3O2 generation becomes predominant, while the formations of unfavored 1O2 

and H2O2 by-product are spin-forbidden.[2,5,10,14] In this context, the photogenerated holes from BVO 

undergo spin polarization as they transit through cOIHP layer, achieving parallel spin orientation at 

the NiFeOOH catalytic surface (Figure 2b).[19,41] Therefore, the formation of sluggish products (i.e., 

1O2 and H2O2) is diminished, thereby accelerating OER kinetics.[7,18] Conversely, in the absence of 

cOIHP spin polarizer (i.e., bare BVO and BVO_rac-OIHP devices), the spin states of the OH• radicals 

would be anti-parallel with each other due to the Pauli exclusion principle. To verify whether the 

CISS effect-derived spin-dependent OER mechanism indeed suppresses the sluggish reaction (i.e., 

the formation of H2O2), we performed the colorimetric analysis using o-tolidine.[11,17,45]  The amounts 

of H2O2 were measured using the absorbance peak intensity at 437 nm with UV-vis spectroscopy 

(Figure S13, Supporting Information). As shown in Figure S14 (Supporting Information), after 60 min 

of oxygen evolution, the BVO_cOIHP device generated only a minimal amount of H2O2, suggesting 
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that spin-dependent OER effectively hampers H2O2 formation. Conversely, the H2O2 formation over 

bare BVO and BVO_rac-OIHP devices was noticeably increased, indicating that the sluggish reaction 

paths are allowed due to the absence of the CISS effect (Figure 3c). Furthermore, the Faradaic 

efficiencies of the production of the O2 (FEO2) and H2O2
 (FEH2O2) for BVO_cOIHP devices were 

calculated (Figure 3d and Figure S11-S13, Supporting Information).[46] The calculated FE bar chart 

clearly proved that the BVO_cOIHP promotes 3O2 production while simultaneously inhibiting the 

competitive by-product of H2O2, thereby accelerating the OER kinetics. The FEH2O2 of BVO_S-2F-MBA 

(6.65%) was slightly lower than BVO_S-MBA  devices (9.82%), indicating the sluggish reaction was 

more effectively restricted in BVO_S-2F-MBA devices. The statistical results derived from the 10 

devices further corroborated that the average Vonset of the BVO_S-2F-MBA (~0.33 VRHE) was 

cathodically shifted about 50 mV compared to the BVO_S-MBA (~0.38 VRHE), as shown in Figure S16 

(Supporting Information). In addition, the average photocurrent density of BVO_S-2F-MBA devices 

(4.3  mA cm⁻2)  showed considerable improvement over that of the BVO_S-MBA devices (3.08 mA 

cm⁻2). Consequently, the BVO_S-2F-MBA device not only exhibited a higher ABPE of 1.39% at a lower 

potential compared to 0.85% for BVO_S-MBA (Figure 2d), but also achieved a maximum IPCE of 89% 

at 372 nm, notably higher than 75.4% observed from the BVO_S-MBA device (Figure 2e).  

Interestingly, we found that the photocurrent density of the BVO_S-2F-MBA device 

outperformed the BVO_S-MBA device despite the less favorable band alignment for hole extraction 

from n+-type BVO to n-type S-2F-MBA cOIHP (Figure 2b). This behavior contradicts the expectation 

based on the energy band diagram, where the p-type S-MBA cOIHP and n+-type BVO interface 

should provide optimal conditions for hole extraction to the catalytic active site. This observation 

suggests that other factor beyond band alignment consideration significantly contributes to the 
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superior OER efficiency on the BVO_S-2F-MBA device. According to the CISS measurement result 

that represents the injected charge carriers with different spin states (Figure 3a-b), the Idown values at 

–1.8 V showed a significant increase from –39.6 nA in S-MBA cOIHPs to –249 nA in S-2F-MBA cOIHP. 

This result confirms that the enhanced photocurrent density in the BVO_S-2F-MBA photoanode is 

considerably ascribed to the fact that S-2F-MBA cOIHP more effectively manipulates spin-polarized 

hole transport in the out-of-plane direction than S-MBA cOIHP.[37]  

As shown in Figure S17 (Supporting Information), the I0 values, which represent out-of-plane 

charge transport without spin polarization measured when the Ni electrode was unmagnetized, also 

substantially increased from S-MBA cOIHPs (I0 of –2.98 nA) to S-2F-MBA cOIHP (I0 of –19.7 nA) at –

1.8 V. Interestingly, the simultaneous increment of both I0 and Idown suggested that the carrier 

transport ability across cOIHP spin polarizer varies depending on the type of the chiral cations. 

Therefore, we quantitatively analyzed the out-of-plane conductivity using FTO/cOIHP/Au device 

configuration.[40,47] As shown in Figure 4a, the S-2F-MBA cOIHP exhibited approximately 15-fold 

higher conductivity of 9.79×10−6 S m⁻1 compared to S-MBA cOIHP (6.24×10-7 S m⁻1). To further assess 

the carrier dynamics within cOIHP, time-resolved photoluminescence (TRPL) spectroscopy was 

performed (Figure 4b and Table 1).[48] The fast (τ1) and slow (τ2) decay components were extracted 

using the bi-exponential decay function to represent the non-radiative and radiative recombination 

lifetime, respectively. Altho gh the τ1 showed nearly identical values of ~0.3 ns for both cOIHPs, the 

τ2 was considerably varied according to the type of chiral cation with longer 2.91 ns for S-2F-MBA 

cOIHP compared to 2.08 ns for S-MBA cOIHP. Therefore, the prolonged carrier lifetime inside the S-

2F-MBA cOIHP results in a higher conductivity relative to the S-MBA cOIHP.[49] 
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In principle, in the 2D layered OIHP structure, the varying carrier dynamics are attributable 

to changes in the exciton binding energy (Eb). Therefore, the Eb of the 2D cOIHP was extracted from 

temperature-dependent PL spectra as shown in Figure 4c (see details in Figure S18 and Supporting 

Note S1, Supporting Information).[26] Due to the pronounced quantum confinement effect resulting 

from the reduced dimension compared to 3D counterpart, both cOIHPs displayed huge Eb over 100 

meV. However, the S-2F-MBA cOIHP showed a relatively lower Eb of 104.9 meV, whereas the S-MBA 

cOIHP exhibited a considerably larger Eb of 135.4 meV. This strongly suggests that the Eb sensitively 

varies depending on the chiral cation composition, resulting in a significant impact on the carrier 

dynamics.  The 2D cOIHP structure is comprised of alternating layers: organic barriers with a smaller 

dielectric constant (εorganic) and inorganic octahedra with a higher dielectric constant (εinorganic).
[24] 

Such a significant dielectric constant mismatch induces an extra dielectric confinement effect within 

the 2D cOIHP lattice. In this context, the Eb can be easily modulated by changing the organic 

component since Eb is inversely proportional to the εorganic according to equation (2):  

  ∝(
ε inorganic

ε organic
                                                                (2) 

Thus, the most electronegative fluorine can increase the polarity of the organic molecules, modifying 

their surrounding dielectric environment. Therefore, the dipole moments of 2D cOIHP before and 

after fluorination were predicted using density functional theory (DFT) calculation.[30,31,50] The dipole 

moment of S-2F-MBA, measured at 2.45 D, is distinctively higher than that of S-MBA (1.60 D), 

aligning well with the previous report. The DFT calculation confirms that the fluorination of the chiral 

cation reduces organic–inorganic dielectric constant mismatch, improving Coulomb screening 

between electrons and holes within the inorganic layers.[30] Hence, the S-2F-MBA cOIHP can further 
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facilitate the out-of-plane conductivity inside the cOIHP due to weakly bound exciton.[27,47] To 

confirm the carrier dynamics depending upon the varying Eb, we further conducted PL analysis using 

an HTL-only device with a configuration of quartz/BVO/cOHIP/PTAA (hereafter, BVO_cOHIP_PTAA, 

Figure S19). The PL intensity of the BVO_S-2F-MBA_PTAA was noticeably reduced compared to that 

of the BVO_S-MBA_PTAA, suggesting that the S-2F-MBA cOIHP can more efficiently extract 

photogenerated holes from BVO to the catalytic surface because of less dielectric confinement 

effect. On the contrary, the S-MBA cOIHP dielectrically confines the charge carriers within the multi-

quantum well structure rather than extracting them to the catalytic surface. As demonstrated by the 

TRPL results based on the BVO_cOIHP_PTAA architecture (Figure S19d and Table S2), the BVO_S-2F-

MBA_PTAA exhibited faster PL decay than BVO_S-MBA_PTAA, well-matching with the steady-state 

PL results. Furthermore, it was previously proposed that the exciton spin relaxation rate in 2D OIHP 

has a quadratic dependence on Eb at room temperature.[51] Therefore, in the case of S-2F-MBA 

cOIHP, the slightly higher Pspin than that of S-MBA cOIHP (Figure 3a-b) can be ascribed to the 

diminished Eb, which leads to a slow spin relaxation rate.[51,52] Consequently, the fluorination strategy 

in the chiral cation promotes the spin-dependent carrier transport dynamics in 2D cOIHP by lowering 

the dielectric confinement effect. As a result, the BVO_S-2F-MBA device outperforms the BVO_S-

MBA device due to the predominantly enhanced spin-polarized hole conductivity within the S-2F-

MBA cOIHP, overcoming the less favorable band alignment (Figure 2b).  

Figure 4d comprehensively elucidates how the fluorination of chiral cation in cOIHP can 

enhance the spin-dependent OER. The spin state of the photogenerated holes transferred from the 

BVO can be effectively polarized into a specific direction through the CISS effect in cOIHP spin 

polarizer. Then, the spin-polarized holes arriving at the ferromagnetic NiFe layer can generate a 
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specific direction of net magnetization,[53] thereby spin pinning occurs at the NiFeOOH catalytic 

site.[49] Specifically, in the BVO_S-2F-MBA devices, S-2F-MBA cOIHP induces the spin-polarization of 

the active site because of the significantly enhanced conductivity and higher Pspin of 88.9% compared 

to 86.6% of S-MBA cOIHP, originating from the reduced dielectric confinement effect. Therefore, the 

improved spin alignment as well as increased injected hole density at the NiFeOOH active site 

effectively boosts the spin-dependent OER kinetics.[54]  

 

2.4. Enhanced operational stability stemming from the fluorination chiral cation 

Finally, the operational stability of the spin-dependent OER devices was evaluated, as shown in 

Figure 5a. Noticeably, the BVO_S-MBA device exhibited t60 = 126 min, which represents the time at 

which the photocurrent density drops to 60% relative to its initial value (refer to Figure S20 for 

unnormalized data, Supporting Information). This reasonable durability over 2h in a polar electrolyte 

without any encapsulation evidently supports the structural integrity of the embedded cOHIP spin 

polarizer, owing to the introduction of a 16 nm-thick NiFe protective layer as well as a well-adhered 

electrodeposited NiFeOOH catalyst. More interestingly, the BVO_S-2F-MBA device experienced 

slower degradation relative to the BVO_S-MBA, demonstrating an exceptionally prolonged 

operational lifetime with a t60 of nearly 6 h (353 min). This result suggested that the operational 

stability is closely dependent on the type of spin polarizer. Since the enhanced OER performance 

primarily stems from the CISS effect of the cOIHP spin polarizer (Figure 4d), ensuring the resistance 

to water penetration cOIHP is crucial for guaranteeing sustainability. The photograph in Figure S21 

(Supporting Information) showed that the NiFe/NiFeOOH catalytic layer at the front side is almost 
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completely preserved after the stability test. However, when viewed from the backside, degradation 

of cOIHP layer began from the active site (i.e., color was changed into yellow). The degraded cOIHP 

may result from the penetration of water through microscopic pinholes in the NiFe physical barrier 

during a long-term stability test, highlighting the importance of ensuring the cOIHP stability against 

polar water molecules. For better comparison, we evaluated the operational stability using a bare 

BVO photoanode without catalyst, which exhibited poor operational stability of t60
 of 35 min. This 

poor durability may be attributed to the significant production of highly reactive H2O2, as indicated 

by the high FEH2O2 in Figure 3d, subjected to corrosion of the BVO photoanode.[17] Therefore, we 

further conducted the stability test using a device without cOIHP layer, with a configuration of 

FTO/SnO2/BVO/PTAA/NiFe/NiFeOOH (hereafter referred to as BVO_W/O cOHIP). As shown in the 

LSV curve in Figure S22, the fill factor and photocurrent density were slightly improved to 2.35 mA 

cm−2 at 1.23 VRHE, compared to the bare BVO (2.01 mA cm−2 at 1.23 VRHE) because the NiFeOOH 

catalytic layer can enhance the OER kinetics. Notably, the BVO_W/O cOIHP device showed improved 

durability by sustaining its initial photocurrent density of 70% after 480 min, indicating that the 

introduction of PTAA/NiFe/NiFeOOH layers can effectively protect the embedded BVO photoanode 

(Figure 5a and Figure S20, Supporting Information). These observations strongly suggest that the 

decline in photocurrent density of the BVO_cOIHP spin-dependent OER device is primarily attributed 

to the degradation of cOHIP layers, rather than the corrosion of the BVO photoanode or 

deterioration of the NiFe/NiFeOOH catalytic layer.  

Therefore, to confirm the intrinsic hydrophobicity of the cOHIP layers, we conducted contact 

angle analysis for the cOHIP thin films using deionized (D.I) water. Figure 5b reveals that the contact 

angle for S-2F-MBA cOIHP of 109.3° is extremely higher than the angle of 69.7° for S-MBA cOIHP. 
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This increased contact angle of S-2F-MBA cOIHP results from the inherently hydrophobic nature of 

fluorine, representing that the fluorination of organic molecules can substantially reduce water 

susceptibility.[30,55] Therefore, the increased hydrophobicity of the chiral organic cations via 

fluorination endows extra water repellency to the S-2F-MBA cOIHP by impeding water penetration 

into the organic layers. To characterize the stability of the spin-dependent OER devices, we traced 

the LSV curves at 30 min intervals during the potentiostatic measurement to estimate the stability 

and performance changes following the OER reaction (Figure S23a and b, Supporting Information). 

Both BVO_S-2F-MBA and BVO_S-MBA spin-dependent OER devices exhibited a continuous decrease 

in photocurrent density, with a slight increase in the onset of approximately 0.1VRHE after a 60 min 

potentiostatic analysis. However, a noticeable difference between the BVO_S-2F-MBA and BVO_S-

MBA devices emerged after 90 min from in terms of the LSV curve shape. Specifically, the BVO_S-

MBA device experienced a considerable loss in fill factor as well as photocurrent density, whereas 

the BVO_S-2F-MBA maintained a consistent LSV shape up to 240 min despite a decrease in 

photocurrent density. The LSV results traced along the stability test strongly indicated that the S-2F-

MBA cOIHP spin polarizer layer was well-remained after a long-term OER reaction. In contrast, the S-

MBA cOIHP layer rapidly deteriorated after 90 min due to the hygroscopic nature of the S-MBA 

cation, leading to significant performance degradation. Digital photographs of the substrates taken 

from the backside further support the LSV tracking results, showing that the S-2F-MBA cOIHP spin 

polarizer remained intact, whereas the S-MBA cOIHP spin polarizer significantly degraded after 4 

hours of measurement (Figure S23c and d, Supporting Information). Moreover, the stability test of 

the cOIHP thin films under humid conditions (RH 85%) without any encapsulation further 

substantiates the water durability of the S-2F-MBA cOIHP (Figure S24, Supporting Information). The 
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S-2F-MBA cOIHP remained 44% of its initial (002) peak intensity after 7 days under RH 85%, 

demonstrating that its 2D cOHIP layered structure was notably durable under a highly humid 

environment, whereas the 2D structure of the S-MBA cOHIP completely disappeared during the 

same duration. Consequently, the improved water stability of the S-2F-MBA cOHIP spin polarizers 

significantly contributes to the extended operational stability of the spin-dependent OER device 

(Figure 5a). 

 

3. Conclusions 

In summary, we report that novel fluorinated chiral cation can dramatically enhance the spin-

polarized charge carrier conductivity and water-stability of OHIP spin polarizer. Especially, the 

fluorination approach significantly increases the dielectric constant of the chiral cations, thereby 

mitigating the dielectric constant disparity between organic and inorganic layers. Owing to the 

alleviated MQW structure, the excitons are effectively capable of dissociation into free carriers while 

maintaining their aligned spin-state within the cOIHPs, resulting in facilitated spin-polarized carrier 

transport. By virtue of this novel spin polarizer, the BVO photoanode embedded with S-2F-MBA 

cOIHP spin polarizer achieves a high photocurrent density through efficient spin-dependent OER at 

the catalytic surface. Additionally, the photoanode featuring the novel S-2F-MBA cOIHP exhibits 

better long-term operational stability, with a t60 of nearly 6 h in polar electrolytes. This stability is 

attained even in the absence of superhydrophobic encapsulation, thanks to the reinforced resistance 

to water intrusion by the spin polarizer. Our strategy uniquely boosts the OER performance by 

effectively polarizing the spin state of the charge carriers through fluorinated cOIHP. This proposed 
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material design principle will open new possibilities for developing an ideal cOIHP spin polarizer for 

other spin-dependent multi-electron chemical reactions.  

 

4. Experimental Section 

Materials 

(S/rac)-1-(2-fluoromethyl)benzylamine (> 98%) was purchased from Aaron Chemicals. Lead iodide 

(99.99%) was purchased from TCI Chemicals. (S,rac)-α-methyl benzylamine (> 98%), Lead oxide 

(99%), hydroiodic acid (57 wt% in H2O, > 99.99%), N, N-dimethylformamide (DMF, anhydrous, 99.8%), 

dimethyl sulfoxide (DMSO, anhydrous, 99.9%), Bi(NO3)3‧5H2O (98%), VO(acac)2 (98%), MoO2(acac)2 

(98%), and polyethylene glycol (PEG) 200 (molecular mass 190-210) were purchased from Sigma-

Aldrich. All materials were used as received without further purification. 

 

Synthesis of S-MBAI and S-2F-MBAI chiral organic salts 

Firstly, either 1.3 mL of S-MBA or S-2F-MBA molecule was dissolved in 3 mL ethanol followed by 

vigorous stirring for 5 min in the N2 glove box. Then, 900 µL of HI was added and the solutions were 

stirred for 12 h at room temperature. The stirred solution was then fully evaporated at 90℃ in a 

vacuum oven for 3 days, and the white solid precipitates were washed with diethyl ether several 

times and dried in a vacuum at 90℃ for 2 days. 
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Synthesis of single crystals and single crystal X-ray diffraction 

A stoichiometric amount of S-2F-MBA (1 mmol, 135 µL) and PbO (0.5 mmol, 111.6 mg) were 

dissolved in a mixture of HI (2.5 mL) and H3PO2 (0.5 mL) solution. Upon mixing, orange precipitates 

initially formed and were redissolved to the pale-yellow solutions under stirring at 120℃ for 30 min. 

This hot solution was placed in a temperature-controlled oven and cooled to room temperature at a 

rate of 1℃/min, resulting in orange block-shaped crystals for S-2F-MBA based cOIHP. The obtained 

crystals were analyzed using the Bruker SMART APEX-II (Mo Kα radiation, λ  .7  73Å). The 

structural parameters were obtained by SHELXT and refined by SHELXL. The crystallographic 

structure was visualized using VESTA software. 

 

Chiral perovskite thin film fabrication 

Stoichiometric amounts of either S-2F-MBAI salt (80.51mg) or S-MBAI salt (77.91mg) and PbI2
 (69.49 

mg and 72.01 mg for S-2F-MBA and S-MBA cOIHP, respectively) were dissolved in a mixture of DMF 

(628 µL) and DMSO (15 µL) in N2 glovebox to make 20 wt% concentration. After stirring for 6 h at 

room temperature, the precursor was filtrated by a 0.2-µm syringe filter, followed by spin-coating at 

2000 rpm for 30 s onto a UV-ozone-treated 2 cm   2 cm FTO substrate that was cleaned via 

sequential sonication with deionized water, acetone, and ethanol in a sonicator (15 min for each 

process). The spin-coated films were annealed for 15 min at 80℃. The spin-coating and annealing 

procedures were conducted in a dry room (relative humidity (RH) < 20%). 
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Fabrication of cOIHP spin polarizer embedded photoanode and PEC characterizations 

For the synthesis of BVO photoabsorber, 56.4 mg SnCl2‧2H2O was dissolved in 5 mL isopropyl alcohol 

to prepare SnO2 precursor. The precursor solution was spin-coated on the UV-ozone-treated 3 cm  

 3 cm FTO substrates at 2000 rpm for 30 s followed by annealing at 500℃ for 30 min. For the Mo-

doped BVO, 0.075 mol of MoO2(acac)2 was added to 5 mL methanol, and 1212.7 mg Bi(NO3)3‧5H2O 

was dissolved in 5 mL glacial acetic acid (Duksan Pure Chemicals, Korea). The 55 µL Mo-doping 

solution and 0.75 mL Bi(NO3)3‧5H2O solution were mixed with the solution containing 99.4 mg 

VO(acac)2 in 5 mL methanol for 1at% Mo-doped BVO. The prepared solution was filtered by a 0.2-µm 

syringe filter, and 180 µL of the solution was spin-coated onto the prepared FTO/SnO2 substrate at 

2000 rpm 20 s. After spin coating, the substrates were immediately placed on a hot plate at 300℃ for 

2 min and then further annealed at 400℃ for 3 min. The deposition/annealing cycles were repeated 

five times for a 150-nm-thick Mo-doped BVO photoabsorber, followed by final annealing at 480℃ for 

2 h in a box furnace. For photoanode fabrication with the BVO/cOIHP/PTAA/NiFe/NiFeOOH device 

structure, the 20 wt% cOIHP precursor was spin-coated on the prepared BVO absorber at 2000 rpm 

for 30 s and annealed for 15 min at 65℃. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, 

Ossila) precursor dissolved in chlorobenzene of 6 mg mL−1 was spin-coated on BVO/cOIHP at 5000 

rpm for 30 s and annealed at 60℃ for 10 min. Then, the 16-nm-thick NiFe (Ni: Fe=78wt%:22wt%) was 

deposited by thermal evaporation. After the Cu wire was contacted to the FTO/SnO2 electrode by 

silver paste, the surface of the device was covered by epoxy resin excluding an active area of 0.09 

cm2. For the deposition of NiFeOOH co-catalyst, 40 mg NiSO4‧6H2O and 120 mg FeSO4‧7 H2O were 

dissolved in 400 mL of 0.5 M potassium hydrogen carbonated aqueous solution. Before use, the 

prepared catalyst precursor was purged with Ar gas for 30 min. The electrodeposition was 
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conducted 20 times with a bias from -0.3 V to 0.5 V against the reference electrode (Ag/AgCl/KCl) 

accompanying pre-treatment of -0.3 V for 5 s at each cycle. After deposition, the photoanode was 

washed with copious amounts of deionized water and dried at 50℃ for 1 h. The PEC measurements 

were conducted under back-illumination using a potentiostat (SI 1287, Solartron, UK) in a three-

electrode system with Ag/AgCl/KCl (4 M) and Pt coil as the reference and counter electrode, 

respectively. To compare the PEC performance, the potentials applied on the photoanode were 

converted to an RHE scale based on the following equation (3): 

         Ag Ag l    . 59 p     . 97                                          (3) 

 

Fabrication of device for CISS phenomenon confirmation 

Firstly, a 50-nm-thick nickel layer was deposited by thermal evaporation on the pre-cleaned soda-

lime glass. After UV-ozone treatment for 15 min, 1.5-nm-thick Al2O3 spin tunneling buffer layer was 

deposited on the Ni substrate using atomic layer deposition (ALD) by performing 35 cycles at 110℃, 

and the cOIHP thin-film was deposited at 2000 rpm for 30 s and annealed at 80℃ for 15 min. Then, 8 

mg bathocuproine (BCP, TCI Chemicals) was dissolved in 1 mL chlorobenzene at 35℃, and the 

resulting BCP precursor was deposited on the cOIHP thin film at 5000 rpm for 30 s. Next, MoO3 (15 

nm)/Al (100 nm) layer was deposited by thermal evaporation. The I-V curve was measured after pre-

magnetization by a strong permanent magnet (> 5000 Gauss). 

 

Fabrication of device for out-of-plane conductivity measurement 
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For out-of-plane conductivity measurement device with a configuration of the FTO/cOIHP/Au, 

stoichiometric amounts of either S-2F-MBAI salt (483.06 mg) or S-MBAI salt (467.46 mg) and PbI2 

(416.94 mg and 432.06 mg for S-2F-MBA and S-MBA cOHIP, respectively) were dissolved in a mixture 

of DMF (942 μL) and DMSO (22.5 μL) to make 5  wt  concentration in N2 glovebox. After thin-film 

fabrication, the 70 nm Au layer was deposited by a thermal evaporator through a shadow mask with 

an area of 0.09 cm2. The out-of-plane conductivity was measured using a semiconductor parameter 

analyzer (Agilent 4155C) in a probe station. 

 

Characterizations 

The surface and side-view morphologies were investigated by field emission scanning electron 

microscopy (FE-SEM, JSM-7001F, JEOL Ltd). The CD data were recorded using a CD spectrometer (J-

815, JASCO). The PL and TRPL spectra were collected with an excitation beam wavelength of 375 nm 

(FluoroMax, Horiba, Japan). The XRD patterns were obtained with an XRD instrument (Rigaku 

Miniflex 6  , The Woodlands)  sing    Kα radiation. The X D patterns were cali rated with FTO 

peaks at 26.68°. The contact angle measurements were performed using a Phoenix-Alpha contact-

angle system (SEO, Korea). The UPS (AXIS-NOVA, and Ultra DLD, UK) for the energy level 

measurement was analyzed under He I radiation at 21.21 eV. The IPCE analyses were conducted 

using an electrochemical workstation (Zennium, Zahner). The ABPE was calculated using the LSV 

curve according to equation (4): 

A    (     
                      ( .23-    )

  
                                   (4) 
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where P0 represents the obtained total light intensity of AM 1.5G (100 mW cm⁻2). To detect H2O2, 1 

mL o-tolidine (Duksan Pure Chemicals, Korea) and 3 mL of 0.1 M Na2SO4 electrolyte retrieved after 1 

h reaction was mixed. If the H2O2 is present, the solution turns yellow. The absorption spectra were 

obtained immediately after mixing using UV-vis absorption spectroscopy (V-670, JASCO). The 

theoretical amount of O2 gas was calc lated from Faraday’s law (eq ation 5) and O2 evolution was 

evaluated using an optical fluorescence sensor (NeoFox, Ocean Optics). The cell was purged with Ar 

before the measurement: 

n   
I   t

    F
                                                              (5) 

where n is the number of O2 molecules, I is the current in ampere, t is the time in seconds, z is the 

number of electron transfers during formation (i.e., O2 for 4 and H2O2 for 2), and F is the Faraday 

constant (96485 C mol-1).  

 

DFT calculation 

We employed an exchange-correlation functional parametrized by Perdew, Burke, and Ernzerhof.[56] 

The plane waves were expanded up to 400 eV for self-consistent field calculations. After the cell 

optimization, the plane waves were expanded up to 400 eV for self-consistent field calculations.  

 

Data availability 

All data generated or analyzed during this study, along with its Supplementary Information, are inclu

ded in this published article. Source data are provided as a Source Data file.  
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Figure 1. a) Molecular configuration of S-2F-MBA and S-MBA cations as well as the crystal 

structure of the (S-2F-MBA)2PbI4 and (S-MBA)2PbI4 cOIHP, respectively. The structure of 

the S-MBA cOIHP crystal was redrawn based on the Cambridge Crystallographic Data 

Centre (CCDC) number 2015617.
[32]

 b) XRD patterns of the pristine cOIHP thin-films. c) 

XRD patterns of the BVO_cOIHP structures. The insets are zoomed-in XRD patterns for 

identifying the BVO peaks as represented by red stars. d) CD spectra and e) absorbance 

spectra obtained from the BVO_cOIHP structures. 
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Figure 2. a) Schematic illustration of the fabricated photoanode device with the embedded spin 

polarizer. b) Schematic equilibrium energy band diagram of the photoanode device. The energy level 

information of the BVO and S-MBA cOIHP was referred from the previously reported study.[23] c) LSV 

curve for bare BVO and BVO_cOIHP devices measured in a 1 M potassium borate (K-Bi) solution (pH 

9.0) under continuous AM 1.5G back illumination. d) ABPE calculated from the LSV curves. e) IPCE 

spectra measured at 1.23 VRHE under monochromatic light irradiation. The solid line represents IPCE 

and the dotted line indicates the integrated current density 
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Figure 3. The I-V curves of the CISS measurement devices averaged from 10 times 

measurements for each Ni magnetization direction for a) S-2F-MBA cOIHP and b) S-MBA 

cOIHP. The black, blue and red lines represent the Ni pre-magnetization directions of non-

magnetization (Ni0), down (Nidown), and up (Niup) direction, respectively. c) Theoretical 

energy diagram of spin-dependent OER mechanism. The spin-aligned OH
• 

radicals only 

allow the formation of triplet oxygen 
3
O2, while OH

• 
radicals with antiparallel spin states 

produce energetically unfavored singlet oxygen 
1
O2 as well as unwanted by-product of H2O2. 
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d) Calculated O2 and H2O2 Faradic efficiency stacked bar chart of the BVO_S-2F-MBA, 

BVO_S-MBA, and bare BVO devices. 

 

 

 

Figure 4. a) Out-of-plane conductivity measured from the device structure of 

FTO/cOIHP(~730 nm)/Au(70 nm). The plot shows statistical results obtained from the 10 

distinct electrodes (area = 0.09 cm
2
). The conductivity was calculated using the following 

equation:   
 

 
  

 

 
,    

 

 
, where  ,  ,  , and   represent resistivity, thickness of the thin 

film, electrode area, and conductivity, respectively. b) TRPL spectroscopy of the cOIHP thin 

films on soda-lime glass measured with an excitation wavelength of 375 nm. c) Plot of 
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exciton binding energy extracted from the cryogenic temperature to room temperature PL 

measurement. d) Schematic illustration of enhanced out-of-plane conductivity and CISS 

effect in S-2F-MBA cOIHP, achieved by reducing the dielectric confinement effect, leading 

to improved spin-dependent OER. 
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Figure 5. a) Normalized photocurrent density decay spectra and the position of t60, which represents 

the time when the photocurrent degrades to 60% of initial photocurrent density. Bare BVO 

represents FTO/SnO2/BVO (i.e, bare BVO) and the BVO_W/O cOHIP device configuration is 

FTO/SnO2/BVO/PTAA/NiFe/NiFeOOH (i.e., BVO_W/O cOHIP). The stability test was conducted under 

1.0 M K-Bi electrolyte (pH 9.0). b) Contact angle result of the S-MBA and S-F-MBA structural isomer-

based cOIHP thin films on the glass substrate. 

 

Table 1. Result of bi-exponential fitting of TRPL decay curves and the parameters. 

 

 

PL peak λ 

(nm) 

A1 

(%) 

τ1 

(ns) 

A2 

(%) 

τ2 

(ns) 

τavg 

(ns) 

S-2F-MBA 530 92.79745 0.33 7.202548 2.91 1.38325 

S-MBA 526 93.94696 0.29 6.053024 2.08 0.85575 

 

 

Chiral cation manipulation improves the spin-polarized charge carrier conductivity and water 

stability of chiral 2D organic-inorganic hybrid perovskite. The fluorinated chiral cation effectively 

reduces the exciton binding energy of the chiral perovskite, leading to higher conductivity with 

excellent spin polarization. The photoelectrochemical device based on the fluorinated chiral 

perovskite achieves a 37% increase in photocurrent density and a 280% extension in operational 
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stability during the spin-dependent oxygen evolution reaction compared to the non-fluorinated 

counterpart. 
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