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SUMMARY

The conventional doping method of organic semiconductors (commonly including lithium bis(trifluorome

thane)sulfonimide [LiTFSI]) served as hole transport layers in perovskite solar cells (PSCs) suffers from a 

complex, time-consuming oxidation process, detrimentally impacting device stability. Herein, we propose 

a novel electrolysis doping strategy to modulate organic semiconductors, enabling controllable doping 

and effective Li⁺ removal. This electrolysis doping exploits holes with tunable oxidizing capabilities to oxidize 

organic semiconductors into ion radicals at the surface of the anode electrode, which exhibits a high repro

ducibility and a universal application on different organic semiconductors. Simultaneously, Li⁺ ions can be 

reduced to Li atoms at the surface of the cathode electrode, thus removing stability-damaging residual 

Li+. Accordingly, the regular PSCs using electrolyzed 2,2’,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]- 

9,9’-spirobifluorene (Spiro) achieve a power conversion efficiency (PCE) of 26.16%, and the inverted-struc

tured PSCs using electrolyzed poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine (PTAA) achieve a PCE of 

25.57% with satisfying stability by maintaining 91% of initial efficiency after operating for 1,400 h under 

continuous one-sun illumination.

CONTEXT & SCALE Perovskite solar cells (PSCs) hold great promise for the capture and utilization of solar 

energy. Currently, PSCs are at a critical juncture in the transition from laboratory research to practical appli

cations. In this context, organic semiconductors, which are commonly employed as hole transport materials, 

play a pivotal role. However, the conventional doping method with the involvement of lithium bis(trifluorome

thane)sulfonimide (LiTFSI) suffers a complex and time-consuming oxidation process accompanied by 

massive residual Li+, detrimentally impacting device stability. In this work, we first proposed a novel electrol

ysis doping strategy to modulate organic semiconductors, achieving quantitively controllable doping with 

negligible residual Li+. The electrolysis doping strategy subtly leverages the redox agents of hole and elec

tron to selectively oxidize the organic semiconductor to be radical and reduce Li+ to Li atom respectively, 

which shows a mechanism distinct from the traditional doping method using a chemical additive. This 

electrolysis doping exhibits a universal application in various semiconductors, such as 2,2’,7,7’-Tetrakis 

[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro), poly[bis(4-phenyl) (2,4,6-trimethylphenyl)am

ine (PTAA), poly(3-hexylthiophene-2,5-diyl) (P3HT), and others. The resulting regular PSCs with electrolyzed 

Spiro achieve an efficiency of 26.12% with an improved storage stability by maintaining >95% of initial effi

ciency after aging in ambient air for 5,000 h. Furthermore, the inverted PSCs with electrolyzed PTAA achieve 

an efficiency of 25.57% with excellent stability by maintaining >90% of initial efficiency after operating for 

1,400 h under continuous illumination in a N2 atmosphere. Our work provides new technology with a distinct 

mechanism to modulate semiconductors, providing more opportunities for promoting PSCs’ commercializa

tion. 

Joule 9, 102106, September 17, 2025 © 2025 Elsevier Inc. 1 
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INTRODUCTION

Metal halide perovskite solar cells (PSCs) are leading the trans

formation in photovoltaic technology due to their excellent semi

conductor properties, such as high light absorption, long carrier 

diffusion length, and so on.1–3 Along with the process updating of 

PSCs, the organic semiconductors, which mainly serve as the 

hole transport layer (HTL), have witnessed an impressive 

advancement of PSCs’ efficiency in both regular n-i-p devices 

and inverted p-i-n devices.4–6 At present, PSCs are rapidly mov

ing forward in their cost-efficient application, in which balancing 

efficiency and stability is vital and necessary, determined not 

only by the perovskite materials but also the HTL.7–9 However, 

as a benchmark hole transport material on high-efficiency 

PSCs, 2,2’,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’- 

spirobifluorene (Spiro) badly relies on the dopant of lithium bis 

(trifluoromethane)sulfonimide (LiTFSI) and needs a time- 

consuming oxidation process to realize high conductively and 

suitable energy level structure.9–12 This oxidation process, which 

is sensitive to ambient environment, brings a hindrance to device 

performance improvement and further applications.

In the conventional doping process of Spiro, the LiTFSI is uti

lized to facilitate the generation of Spiro⋅ radicals in ambient air 

with oxygen as the oxidant, thus improving the conductivity of 

the Spiro film.13,14 This doping process, which is sensitive to its 

environment, usually requires a long period of more than 24 h to 

realize an optimal conductivity and Fermi level.15,16 Besides, 

due to the low doping efficiency of this process, normally a large 

amount of LiTFSI is required to ensure the generation of enough 

radicals. According to the previous reports, to generate 10% 

radicals, ∼56 mol % LiTFSI was needed to be incorporated into 

Spiro, with the highest proportion as residuals in the final film.17

These residual lithium salts, after sufficient oxidation, show a 

negligible impact on film conductivity. However, they are sensitive 

to humidity and prone to migrate into and across the perovskite 

film, negatively affecting device stability.18 Although other dop

ants were reported to replace LiTFSI to dope Spiro, such as the 

synthesized Spiro⋅ radical,19 organic radical and ionic salts 

(4-tert-butyl-1-methylpyridinium bis(trifluoromethylsulfonyl)imide 

[TBMP+TFSI− ]),9 Zn(TFSI)2
20 and so on,21,22 LiTFSI is still the 

most widely used dopant to fabricate high-efficiency PSCs. This 

optimal feasibility and widespread utilization of conventional 

doping recipe of Spiro means it is necessary and significant to 

address the issue of residual Li+ in high-efficiency PSCs.

In addition, the conventional complex oxidation process, 

which is sensitive to ambient conditions, not only makes it a chal

lenge to reveal the doping mechanism, but also makes it unable 

to precisely determine the practical doping amount due to the 

uncontrollable oxide reaction, restricting HTL optimization and 

design for fabricating efficient and stable PSCs. It is reported 

that the oxidized Spiro⋅ radical in the solid-state film can be 

quantified through a spectrophotometric protocol.23 However, 

this qualification approach is based on the absorption spectra 

and the object sample is the solid-state film, making it chal

lenging to calculate the oxidized Spiro⋅ radical accurately and 

guide the precise design of the Spiro recipe. Incorporating the 

Spiro⋅ radical directly can control the doping molar ratio. Howev

er, this approach, which relies on the complex synthesis, is diffi

cult to replace or be compatible with the conventional recipe of 

Spiro.9,24 Therefore, it is highly desirable to propose a novel 

doping strategy with a precise and distinct mechanism to bal

ance the high efficiency and high stability of PSCs by removing 

the residual Li+ and precisely controlling the doping efficiency, 

which should also be significant for elucidating the influence of 

the doping state in the properties of Spiro and the 

corresponding device.

In this work, we proposed a novel doping strategy that is distin

guished from the conventional doping mechanism to control 

doping efficiency accurately and avoid residual Li+ through elec

trolyzing, which is named electrolysis doping. Electrolysis doping 

utilizes the cleanest redox agents of electron and hole to oxidize 

the Spiro and reduce Li+ respectively, leading to a Spiro⋅ radical 

and Li atom. This strategy can control the doping amount through 

regulating the electrolytic electricity. Different from the conven

tional doping process, the LiTFSI is served to assist the electrol

ysis as the ion compensation for charge conservation, in which 

the Li+ can be removed through Li metal transformation, avoiding 

massive amounts of residual Li+. The resulting PSCs achieved ef

ficiencies of >26% in regular PSCs using electrolyzed Spiro and 

>25.5% in inverted PSCs using electrolyzed poly[bis(4-phenyl) 

(2,4,6-trimethylphenyl)amine (PTAA). The regular device showed 

enhanced stability by maintaining ∼97% of initial efficiency under 

∼25% relative humidity (RH) for 5,000 h. The inverted device can 

maintain 91% of its initial efficiency after operating under a one- 

sun illumination in a N2 glovebox for 1,400 h. Besides, this electrol

ysis doping strategy, which does not rely on the chemical dopant, 

also supports decoupling the conductivity and Fermi-level 

tunability when combined with suitable chemical additives, 

providing a new way to modulate Spiro and other organic semi

conductors in photoelectronic devices.

RESULTS AND DISCUSSION

Electrolysis doping strategy and its influence on Spiro 

electrical property

The organic charge transport material is one of the key materials 

to fabricate high-performance PSCs, among which, Spiro is a 

benchmark hole transport material in regular-structure devices, 

and PTAA is commonly used in both regular and inverted 

structural devices.6,25,26 A drawback of these common organic 

semiconductors is the need for complex and time-consuming 

oxidation that relies on an ancillary oxidant and additive to realize 

optimal conductivity and Fermi level (Figure S1). As for Spiro, a 

large amount of LiTFSI is utilized to facilitate the generation of 

a Spiro⋅ radical with exposure to ambient air using oxygen as 

the oxidant, leaving massive residual Li+ in final film. In addition, 

this oxidation process is usually complex, and the doping effi

ciency relies on the ambient condition and oxidation time, which 

makes it a challenge to quantify the doping efficiency and reveal 

the mechanism that is currently described in the equation shown 

in Figures 1A and S2.12,27,28 Compared with conventional oxida

tion processes and the reported pre-oxidation strategy using 

chemical oxidants,10–12 the hole as the oxidant is first utilized 

to pre-oxidize Spiro in an electrolysis strategy, which possesses 

a clear doping mechanism and well-controlled manner. It is 

noted that the electrolyzed organic semiconductor is called an 
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E-semiconductor in this work, such as E-Spiro. In the electrolyte 

system, the dominated reactions on the surface of the anode and 

the surface of the cathode have been proposed to be the Spiro 

oxidation and the Li+ reduction (Figure S3; Note S1). Notably, 

as for the electrolysis doping system, the LiTFSI plays an impor

tant role in assisting the electrolysis as an ion compensation for 

charge conservation and stabilizing the Spiro⋅. In detail, as 

shown in Figure 1A, on the anode electrode surface, the Spiro 

can be oxidized to a Spiro⋅ radical through losing electrons. 

Meanwhile, on the cathode electrode surface, the Li+ can be 

reduced to a Li atom by accepting electrons, thus realizing the 

Spiro oxidation and removal of Li+. The pathways of charge 

transfer in the electrolyte system have also been analyzed 

(Figure S4). This elect‘rolysis doping utilizes the hole as an 

Figure 1. Electrolysis doping strategy and its influence on Spiro film 

(A) Schematic diagram of electrolysis doping strategy. 

(B) Photos of E-Spiro under different electrolysis times. The electrode was Au, and the applied bias voltage was 5 V. 

(C) The absorption spectra of Spiro and E-Spiro, the samples were solutions. 

(D) ESR spectroscopy of Spiro and E-Spiro, the samples were films. 

(E) The photos of anode and cathode electrodes and their corresponding SEM images. The scale bar was 100 μm. 

(F) The TOF-SIMs spectra of device with Spiro and E-Spiro. These devices were operated under one-sun illumination for 4 h before measurement. 

(G) 3D renders of Li+ in devices with Spiro and E-Spiro.
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oxidant, enabling the doping process to deliver a controllable 

doping efficiency without incorporating any additional chemical 

additives, regardless of the ambient conditions.

We have determined the oxidation potential of Spiro be ∼0.9 

V, which was also consistent with previous reports10,29

(Figure S3). To assure successful oxidation, we chose a bias 

voltage of 5 V to demonstrate the electrolysis doping strategy 

in a manner with a constant voltage charge using the LAND 

test system (Video S1), and we confirmed that this bias voltage 

shows a negligible influence on molecular structure of Spiro 

and other additives using measurements of Fourier transform 

infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy 

(XPS), and nuclear magnetic resonance (1H NMR) (Figures S5

and S6; Note S2). The Au electrode was also demonstrated to 

not dissolve during the electrolysis doping (Figure S7; Note 

S2). Figure 1B exhibits screenshots from a video, which is avail

able in the supplemental information, of the electrolysis doping 

process with different electrolyzing times, indicating that the 

electrolysis treatment can effectively induce the oxidation of 

Spiro, and the oxidized Spiro is generated at the surface of the 

anode electrode. The experimental measurement of absorption 

spectra was used to characterize a Spiro solution, in which the 

spectrum of E-Spiro shows an absorption peak at roughly 

520 nm, demonstrating the oxidized Spiro⋅ radical (Figure 1C). 

The absorption spectra of a Spiro film and E-Spiro film were 

also characterized (Figure S8). A peak located at roughly 

520 nm emerged in the spectrum of the E-Spiro film. In addition, 

according to the absorption spectra, we calculated the band gap 

of the Spiro film and E-Spiro film to be 2.958 and 2.952 eV, 

respectively. The oxidized Spiro after electrolysis doping is 

also validated by the measurement of electron spin resonance 

(ESR), which can be supported by the emerged paramagnetic 

peaks at 3,480–3,520 G (Figure 1D). As for the chemical reaction 

on the surface of the cathode electrode, we speculate it should 

be that the Li+ is reduced to a Li atom, which can be demon

strated by the generation of Li metal that is observed directly 

(Figure 1E). Scanning electron microscopy (SEM) was utilized 

to observe the electrodes before and after electrolysis (Figures 

1E, S9, and S10). Compared with the original Au surface and 

the anode electrode surface, the cathode surface is covered 

by LixOx, generated from the exposure of metallic Li to air. The 

generated metallic Li and the subsequent oxidation can be 

demonstrated by XPS (Figure S11; Note S3). The generation of 

Li metal can remove the Li+ from a Spiro solution, avoiding 

residual Li+ in the final film. Time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) was carried out to confirm the non-re

sidual Li+ in E-Spiro (Figure 1F). As for the PSCs with Spiro, we 

can observe the Li+ and its diffusion into and even across perov

skite films.30 This long-range diffusion of Li+ has been reported 

to detrimentally damage device performance.30 In comparison, 

we hardly capture the signal of Li+ in the PSCs with E-Spiro, indi

cating the slight residual Li+. The corresponding three-dimen

sional (3D) renders of Li+ in PSCs with Spiro and E-Spiro also 

confirm the removal of Li+ from Spiro after electrolysis doping 

(Figure 1G). The Li removal can also be validated by the XPS 

results (Figure S12). The electrolysis doping strategy can effec

tively induce the oxidation of Spiro and reduction of Li+ at the 

same time by leveraging the oxidation of hole and reduction of 

electron, respectively, which realizes the controllable oxidation 

of Spiro and removal of Li+.

To investigate the influence of electrolysis doping on the electri

cal properties of Spiro film, we first measured the conductivity of 

Spiro with different amounts of electricity during electrolysis 

based on the hole-only device structured as fluorine-doped tin ox

ide (FTO)/poly(3,4-ethylenedioxythiophene (PEDOT):polystyrene 

sulfonate (PSS)/Spiro or E-Spiro/Au. Drawing on Faraday’s law 

of electrolysis, we can determine the molar amount of generated 

Spiro⋅ radicals directly by observing the electricity through the 

LAND test system. The linear relationship between the amount 

of reacted substance and the transferred electricity quantity has 

also been experimentally validated using inductively coupled 

plasma atomic emission spectrometry (ICP-AES) (Figure S13; 

Note S4). As shown in Figures 2A and 2B, the conductivity 

changes with the increment of the amount of electricity in electrol

ysis and can be divided into two stages. In the first stage, the film 

conductivity quickly increases from 4.26 × 10− 4 to 8.12 × 10− 3 

mS/cm along with the amount of electricity increasing to 0.145 

mAh for a 1 mL Spiro solution. In the second stage, the film con

ductivity shows a slight change along with the increment of the 

amount of electricity. In addition to the conductivity, the Fermi 

level, an important factor of HTL to determine the device perfor

mance, was also measured after electrolysis doping using ultravi

olet photoelectron spectroscopy (UPS). According to the UPS 

spectra shown in Figures 2C and 2D, we calculated the Fermi level 

of Spiro and E-Spiro to be − 3.27 and − 3.43 eV respectively. 

Besides, we can also calculate the valence band maximum 

(VBM) of Spiro and E-Spiro to be − 4.99 and − 5.02 eV, respec

tively. The down shift of both Fermi level and VBM after electrol

ysis doping is beneficial for interfacial energy level matching, 

enhancing the splitting of quasi-Fermi level and promoting interfa

cial hole extraction (Figures S14 and S15).31 The measurement of 

Mott-Schottky analysis and time-resolved photoluminescence 

(TRPL) were utilized to explore the influence of electrolysis doping 

on interfacial carrier transport. As shown in Figure 2E, the PSCs 

with E-Spiro exhibit a built-in field (Vbi) of 0.93 V, which is higher 

than that of PSCs with Spiro (0.88 V), confirming the reduced 

energy level off-set. The higher Vbi is beneficial for the separation 

of photo-generated electron-hole pairs and interfacial hole 

extraction. The TRPL spectra of samples structured as glass/ 

perovskite/Spiro (E-Spiro) was shown in Figure S16. Based on 

this TRPL spectra, we further computed the differential lifetime.32

The charge transfer process at early times (until ∼1 μs) led to a 

sharp rise of τ, the steepness of this rise was influenced by the 

charge transfer speed (Figure 2F). Analysis of the gradient for 

E-Spiro reveals a marked acceleration in hole transfer to the Au 

electrode relative to Spiro. This kinetic advantage is further 

evidenced by the early onset of saturation at 0.6 μs for E-Spiro, 

compared with the delayed 1.3 μs saturation observed in Spiro, 

demonstrating a significant divergence in their charge transport 

characteristics. Considering that the electrolysis doping strategy 

shows a negligible influence on the nanostructure of Spiro/perov

skite interface (Figures S17 and S18), the increased Vbi and pro

moted interfacial hole extraction should mainly result from the 

electrolysis doping. The optimized interfacial carrier dynamic 

can contribute to reducing voltage loss in PSCs, which is benefi

cial for improving the PSCs efficiency.
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The conventional Spiro needs a time-consuming oxidation 

process, normally in ambient air with controlled RH, to obtain 

an optimal conductivity and energy level structure, which makes 

the corresponding PSCs undergo a time period of storage to 

obtain optimal efficiency. In this oxidation process, the moisture 

in ambient air also participates in the reaction,33 which brings a 

negative impact on the Spiro due to the moisture-sensitivity of 

lithium salts. Hence, precisely regulating the oxidation process 

of Spiro has been an effective approach to improve the efficiency 

and enhance the stability of PSCs. Based on this novel doping 

strategy, we monitored the power conversion efficiency (PCE) 

evolution of PSCs during the oxidation process of the HTL. As 

shown in Figure 3A, the PCE of PSCs with Spiro shows a typical 

increment as the oxidation time is prolonged, which is consistent 

with the previous reports.10,34,35 This PCE evolution tendency is 

also shared by the PSCs with E-Spiro. Notably, the PCE of 

PSCs with E-Spiro shows a quicker increment as the oxidation 

time is prolonged and exhibits a higher reproducibility, which 

should result from the controllable and environment-independent 

electrolysis doping. In detail, the PSCs with E-Spiro can instantly 

obtain a PCE of more than 20%, and the PSCs with Spiro only 

obtain an instant PCE of less than 10%. The increased instant 

efficiency should result from the modified energy level 

structure and increased conductivity of E-Spiro, which can be 

evidenced by the theoretical calculation using the software 

Solar Cell Capacitance Simulator one- dimension (SCAPS-1D) 

(Figures S19–S22; Note S5). It is observed that the PCE and 

open-circuit voltage (VOC) gaps between PSCs with Spiro and 

E-Spiro becomes smaller as the oxidation time increases 

and still exists after sufficient oxidation, which indicates that the 

electrolysis doping strategy can not only facilitate the rapid 

attainment of high efficiency but also contributes to the improve

ment in PSC efficiency (Figure S23). After sufficient oxidation, 

when using compact TiO2 as the electron transport layer (ETL), 

the PSCs with E-Spiro obtain a champion PCE of 25.34% 

(short-circuit current density [JSC] = 25.91 mA/cm2, VOC = 1.173 

V, and fill factor [FF] = 83.33%) with a satisfying reproducibility 

(Figures 3A and S24). In comparison, the PSCs with Spiro obtain 

a champion PCE of 24.91% (JSC = 25.88 mA/cm2, VOC = 1.173 V, 

and FF = 82.01%) (Figure 3B). The corresponding external quan

tum efficiency (EQE) was also measured, yielding an integrated 

JSC of 25.68 and 25.76 mA/cm2 for PSCs with Spiro and 

E-Spiro, respectively, showing a small variation (<1%) from the 

values obtained from J-V measurement (Figure S25). The high ef

ficiency obtained through the electrolysis doping strategy has 

also been validated by SnO2-based PSCs, which deliver a cham

pion PCE of 26.16% with an average PCE of 25.67% (Figures 3C 

and S26). Impressively, the 26.16% achieved using E-Spiro with 

negligible residual Li+ was the highest value among the n-i-p 

PSCs with Li+-free HTL to date (Figure S27; Table S1).

Considering the distinct doping mechanism and the feature of 

being non-additive, the electrolysis doping strategy exhibits the 

Figure 2. Effects of electrolysis doping on the electrical properties of Spiro 

(A and B) J-V curves of hole-only devices and the corresponding calculated conductivity of E-Spiro with different amounts of electricity in electrolysis. 

(C and D) UPS spectra of Spiro and E-Spiro films. The E-Spiro film was prepared after electrolyzing with 0.192 mAh for a 1 mL Spiro solution. 

(E) Mott-Schottky curves of PSCs with Spiro and E-Spiro. 

(F) Computed differential lifetimes through fitting the TRPL spectra.

Please cite this article in press as: Huang et al., Controllable electrolysis doping of organic semiconductors for stable perovskite solar cells, Joule 

(2025), https://doi.org/10.1016/j.joule.2025.102106

Joule 9, 102106, September 17, 2025 5 

Article
ll



potential to be compatible with the chemical-molecular regula

tion, further optimizing the device’s photovoltaic performance 

and exploring the dedicated influence of additives on film prop

erty, especially the conductivity and Fermi level. We performed a 

comparative study of electrolytic doping and chemical doping 

using oxidants of I2 and dilaurylperoxide (DP), and the results 

show that the electrolysis doping strategy shows a similar ability 

with chemical doping in regulating the energy level structure of 

perovskite film, and a remarkable advantage in increasing the 

electrical conductivity (Figure S28). Based on this advantage in 

increasing conductivity and its non-additive feature, electrolysis 

doping is expected to be compatible with a chemical modulation 

strategy, which can regulate the Fermi level effectively, achieving 

an effective modulation on both conductivity and energy level 

structure (Figure S29). Based on the theoretical analysis and 

experimental exploration, we found that electrolysis doping 

can well be compatible with Co(III)-TFSI, an additive normally 

used in conjunction with LiTFSI in Spiro, which can further accel

erate the achievement of optimal efficiency, leading to a PCE of 

over 25% that can be achieved immediately without going 

through air oxidation (Figures S30–S33; Note S6). Various mea

surements including conductivity tests, absorption spectra, and 

UPS indicate that the effectively modulated Fermi level of 

E-Spiro contributes to the improved instant efficiency, which is 

further support for obtaining high-efficiency PSCs with improved 

reproducibility (Figures S34–S36; Note S7). These results 

demonstrate that electrolysis doping is able to accelerate 

and improve the achievement of PSCs’ optimal PCE, which 

can be more than 26%, providing a new strategy to achieve 

high-efficiency PSCs. Furthermore, since the electrolysis doping 

delivers a distinct mechanism and has the feature of being non- 

additive, it exhibits a potential to decouple the conductivity and 

Fermi-level tunability when combined with suitable chemical 

additives, expanding the toolbox to develop novel HTL recipes 

and regulation strategies.

The Spiro HTL under conventional doping has been reported 

to show detrimental impacts on device stability, mainly due to 

the residual Li+ that is hydrophilic and prone to migration. The 

electrolysis doping can achieve controllable pre-oxidation 

through an electrolyzed redox reaction with the participation of 

Li+, shortening the oxidation time in ambient air and removing 

the residual Li+, which is expected to enhance device stability. 

Before the device stability test, the stability of Spiro films was 

demonstrated to be enhanced through electrolysis doping 

(Figure S37). The contact angle of droplets on the perovskite/ 

E-Spiro is higher than that of droplets on the perovskite/Spiro, 

which also shows the enhanced humid stability of Spiro 

(Figure S38; Note S8). Continuous monitoring of the efficiency 

evolution under long-term storage and operation was performed 

to assess the device stability. Figure 3D shows the long-term 

Figure 3. Photovoltaic performance of PSCs with Spiro and E-Spiro 

(A) PCE evolution of PSCs with different HTLs during the oxidation process in ambient air. 

(B) Reverse J-V curves of champion TiO2-based PSCs with Spiro and E-Spiro. 

(C) Reverse and forward J-V curves of champion SnO2-based PSCs with Spiro and E-Spiro. 

(D) The long-term stability of unencapsulated devices stored in ambient conditions of ∼25% RH and ∼25◦C. 

(E) Operational stability of unencapsulated devices under continuous illumination in an N2 atmosphere.
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stability of devices with Spiro and E-Spiro based on the ISOS- 

D-1 protocol.36 The device with E-Spiro can maintain 97% of 

its initial efficiency with sufficient oxidation after storage in 

ambient air (∼25% RH and ∼25◦C) for 5,000 h, exhibiting 

enhanced storage stability. The enhanced storage stability under 

humid conditions can also be validated by SEM measurements 

of perovskite film after washing the Spiro HTL using chloroben

zene (CB). As shown in Figure S39, the obviously increased 

lead iodide (PbI2) in perovskite film under Spiro has been 

observed after storage in a high-humidity condition of ∼85% 

RH for 144 h, while the perovskite film under E-Spiro shows a 

slight increment of PbI2. Furthermore, the operational stability 

of devices under continuous one-sun illumination in a N2 glove

box was also measured (Figure 3E). The device with E-Spiro 

can maintain ∼81% of its initial efficiency after operating for 

800 h, while the device with Spiro degraded to ∼60% after oper

ating for 400 h. Device stability under harsher conditions (higher 

humidity and higher temperature) has also been evaluated 

(Figure S40). Electrolysis doping can effectively enhance device 

stability under a condition of 25◦C/45% RH. Although both types 

of device show an obvious efficiency decay in the conditions of 

85◦C and N2 atmosphere and 85◦C and 85% RH, electrolysis 

doping can still show a positive effect on device stability. The 

removal of residual Li+ may mainly contribute to enhanced de

vice stability, which inhibits Li+ migration into the Au electrode 

under heat conditions and into the interior of perovskite films 

during the operation (Figures 1F, S41, and S42; Note S9).

Universal application of electrolysis doping on organic 

semiconductors

The above results demonstrate that electrolysis doping can 

achieve controllable pre-oxidation of Spiro, which shows a mech

anism distinct from conventional doping. This electrolysis 

doping leverages the oxidation of holes to oxidize the organic 

semiconductor. Since the oxidizing properties of holes can be 

well adjusted through controlling the bias voltage during the elec

trolysis process, the electrolysis doping is supposed to be applied 

across various semiconductors even though these materials 

possess different electrochemical characteristics. Before investi

gating the universal applicability of electrolysis doping to different 

materials, the feasibility of the electrolysis doping strategy on 

Spiro with different additives of Zn(TFSI)2, Cu(TFSI)2, Lithium bis 

(fluorosulfonyl)imideand (LiFSI), and 1-methyl-3-nonyl imidazo

lium bis(trifluoromethanesulfonyl)imide (OMIMTFSI) has been 

proved (Figure S43). In addition, the universal applicability of an 

electrolysis doping strategy to different perovskite components 

has also been validated, based on the PSCs based on MAPbI3 

MA0.75FA0.25PbI3 and MA0.84FA0.1Cs0.06Pb(I0.89Cl0.11)3, respec

tively (Figure S44).

We selected two common semiconductor materials, PTAA 

and poly(3-hexylthiophene-2,5-diyl) (P3HT), in PSCs to discuss 

the wild application of electrolysis doping. It is reported that 

both PTAA and P3HT can obtain a better electrical property 

through p-doping treatment.16,37–39 As shown in Figures 4A 

and 4B, both the color changes of solution and the largely 

increased peak in electron paramagnetic resonance (EPR) 

spectra demonstrate that electrolysis doping can effectively 

oxidize P3HT and PTAA. The conductivity test was carried out 

to validate the positive effect of electrolysis doping on the elec

trical properties of P3HT and PTAA (Figure S45). The doping 

mechanism of P3HT and PTAA was also analyzed (Figure S46). 

Moreover, the E-PTAA was further utilized as an HTL in regular 

n-i-p PSCs, achieving a champion PCE of 24.51% and average 

PCE of 24.22% (Figures 4C and S47), and in inverted p-i-n PSCs, 

it achieved a champion PCE of 25.57% and average PCE of 

25.30% (Figures 4D and S48). When using an electrolysis strat

egy to fabricate inverted PSCs, we also evaluated the device 

stability. As shown in Figure 4E, the device based on E-PTAA 

can maintain 91% of its initial efficiency after operating for 

1,400 h under continuous one-sun illumination in a N2 glovebox, 

showing excellent operational stability. The PTAA-based de

vices were also aged in harsh conditions of 25◦C/45% RH, 

85◦C and N2 atmosphere, and 85◦C and 85% RH to evaluate 

device stability (Figure S49). Although the devices still show an 

obvious efficiency decay in conditions of 85◦C and 85% RH, 

the device shows an enhanced humid stability and heat stability 

after electrolysis doping, maintaining almost 100% of their initial 

efficiency after 368-h aging in conditions of 25◦C/45% RH and 

85◦C and N2 atmosphere, respectively. The experimental results 

and discussion above demonstrate the feasibility of the electrol

ysis strategy in fabricating high-efficiency and stable PSCs with 

different structures and different hole transport materials.

Conclusions

In summary, an effective electrolysis doping strategy was pro

posed to modulate organic semiconductors in a controllable 

manner. The electrolysis doping leverages the redox agents 

of electrons and holes to selectively oxidize the Spiro to be 

Spiro⋅ radical and reduce Li+ to Li metal, respectively, achieving 

a controllable oxidation and removal of Li+. Owing to the 

distinct mechanism that is based on electrolysis redox, the 

electrolysis doping strategy also shows a universal application 

in various organic semiconductors, such as Spiro, P3HT, and 

PTAA. We achieved a PCE of 26.16% using E-Spiro in a regular 

structure with significantly improved storage and operational 

stability, and a PCE of 25.57% using E-PTAA in an inverted 

structure with enhanced stability by maintaining 91% of initial 

efficiency after operating for 1,400 h under continuous one- 

sun illumination. The electrolysis doping strategy shows a 

distinct mechanism with the remarkable advantage of Li+ 

removal, an increase in conductivity, and a non-additive 

feature, leading to a wild applicability and diversified strategies 

through combining the chemical doping strategy, which is ex

pected to expand the applications of organic semiconductors 

on PSCs and other optoelectronic devices.

METHODS

Materials

Substrates

The FTO glass (7 Ω sq− 1) was purchased from Shangyang Solar 

Energy Technology.

Electron transport materials. Titanium tetrachloride (TiCl4) was 

purchased from Aladdin. Thioglycolic acid, urea, and tin (II) 

chloride dihydrate (SnCl2⋅2H2O) were purchased from Sigma- 

Aldrich.
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Perovskite materials. PbI2 was purchased from Tokyo Chemi

cal Industry (TCI). Rubidium chloride (RbCl) was purchased 

from Sigma-Aldrich. Formamidinium iodide (FAI), methylam

monium chloride (MACl), and methoxy-Phenethylammonium 

iodide (MeO-PEAI) were purchased from Xi’an Yuri Solar. N, 

N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and 

isopropanol (IPA) were purchased from Sigma-Aldrich.

Hole transport materials. Spiro, PTAA, LiTFSI, Co(III)-TFSI, 

and tert-butylpyridine (tBP) were purchased from Xi’an 

Yuri Solar. P3HT was purchased from Innochem. 4-Isopropyl-4 

\′-methyldiphenyliodonium Tetrakis(pentafluorophenyl)borate 

was purchased from Aladdin. Acetonitrile (ACN) and CB were 

purchased from Sigma-Aldrich.

Device fabrication

Substrate preparation

The FTO substrate was sequentially ultrasonically cleaned with 

detergent, deionized water, ethanol, and deionized water for 

∼15 min, respectively. Then, the cleaned FTO substrate was dried 

by a N2 stream. The cleaned FTO was further processed under ul

traviolet ozone (UVO) for 15 min to achieve a hydrophilic surface.

Fabrication of a regular structured device

ETL preparation. TiO2 ETL preparation. 4 mL TiCl4 and 200 mL 

deionized water were mixed to prepare the chemical bath pre

cursor. Then, after the cleaned FTO substrate was immersed in 

precursor for 40 min at 70◦C in a water bath.

SnO2 ETL preparation. 1.1 g SnCl2⋅2H2O (∼12 mM) and 5 g 

urea were dissolved in 400 mL deionized water, and then 5 mL 

HCl (37 wt %) and 100 μL TGA were added into the urea solution 

to prepare the chemical bath precursor. Then, the cleaned FTO 

substrate was immersed into precursor for 4 h at 90◦C in a drying 

oven. After the chemical bath, the sample was sequentially 

ultrasonically cleaned with deionized water and IPA for 5 min, 

respectively, followed by being annealed for 1 h at 150◦C.

Perovskite film preparation. The perovskite film was fabricated 

by a two-step method. First, 1.5 M PbI2 (DMSO:DMF, 1:9 v/v) 

solution with 3% molar ratio RbCl was spin-coated on ETL at 

1,500 rpm for 30 s, followed by annealing for 1 min at 70◦C in a 

N2 glovebox. Then, the ammonium salt (90 mg FAI and 13 mg 

MACl dissolved in 1 mL IPA) was spin-coated on PbI2 film at 

1,800 rpm for 30 s, followed by annealing for 15 min at 150◦C 

in air condition (the RH should be controlled between 

30%∼40%). At last, the annealed perovskite film was transferred 

into a N2 glovebox, and the MeO-PEAI solution (4.5 mg in 1 mL 

IPA) was spin-coated on perovskite film at 4,500 rpm for 30 s.

HTL preparation. Spiro HTL preparation. For Spiro HTL, 

72.3 mg Spiro with 26.6 μL tBP and 18 μL LiTFSI salt (520 mg/ 

mL in ACN) were mixed in 1 mL CB to prepare the Spiro solution, 

then this solution was spin-coated on top of a passivated perov

skite film at 4,000 rpm for 30 s. For E-Spiro HTL, according to the 

designed doping molar ratio, the corresponding LiTFSI (normally 

10% higher than the designed doping molar ratio) was added 

Figure 4. Universal application of electrolysis doping strategy 

(A) EPR spectra of P3HT and E-P3HT, the inset is the corresponding photos of P3HT and E-P3HT solutions. 

(B) EPR spectra of PTAA and E-PTAA, the inset is the corresponding photos of PTAA and E-PTAA solutions. 

(C) Reverse J-V curves of regular PSCs with E-PTAA, the inset is the schematic diagram of PSC structure. 

(D) Reverse J-V curves of inverted PSCs with E-PTAA, the inset is the schematic diagram of PSC structure. 

(E) Operational stability of unencapsulated inverted device with E-PTAA under continuous illumination in a N2 atmosphere.

Please cite this article in press as: Huang et al., Controllable electrolysis doping of organic semiconductors for stable perovskite solar cells, Joule 

(2025), https://doi.org/10.1016/j.joule.2025.102106

8 Joule 9, 102106, September 17, 2025 

Article
ll



into the Spiro solution and the added tBP also reduced 

according to the molar ratio of LiTFSI. Then, the Spiro solution 

was electrolyzed under a bias voltage of 5 V in a manner of 

constant voltage charge using the LAND test system, and the 

charged electricity was monitored to decide when to stop the 

electrolysis. After electrolysis, the E-Spiro was spin-coated on 

top of passivated perovskite film at 4,000 rpm for 30 s.

PTAA HTL preparation. The PTAA solution was prepared by 

mixing 30 mg PTAA, 1 mg 4-Isopropyl-4\′-methyldiphenyliodo

nium Tetrakis(pentafluorophenyl)borate, and 1 mg dodecanoyl 

peroxide in 1 mL CB with 9 μL tBP and 6 μL LiTFSI salt 

(520 mg/mL in ACN), and then electrolyzed under a bias voltage 

of 3 V in a manner of constant voltage charge using the LAND 

test system, then was spin-coated on top of a passivated perov

skite film at 4,000 rpm for 30 s, followed by annealing at 100◦C 

for 5 min.

Au electrode preparation. Au electrode (60 nm) was deposited 

by thermal evaporation on top of HTL.

Fabrication of inverted-structured device

HTL preparation. The PTAA solution used in the regular struc

tured device was diluted to 0.5 mg/mL, and then was spin- 

coated on cleaned FTO substrate at 4,000 rpm for 30 s, followed 

by annealing at 100◦C for 5 min. Then, the MeO-PACz solution 

(0.4 mg/mL in IPA) was spin-coated on PTAA at 3,000 rpm for 

30 s followed by annealing at 100◦C for 10 min.

Perovskite film preparation. 1.5 M perovskite solution (FA0.85

MA0.1Cs0.05PbI3 in a mixed solvent of DMF:DMSO with v/v of 

4:1) was spin-coated on HTL at 1,000 rpm for 10 s and 

5,000 rpm for 30 s. 200 μL CB was dripped onto the center of 

the film at 5 s before the end of spin-coating. The deposited 

perovskite film was then annealed at 100◦C for 30 min. Then, 

PEACl solution (1 mg/mL in IPA) was spin-coated on perovskite 

film at 4,000 rpm for 30 s, followed by annealing at 100◦C 

for 3 min.

ETL preparation. C60 and BCP were deposited on top of 

passivated perovskite by thermal evaporation with thicknesses 

of 15 and 7 nm, respectively.

Ag electrode preparation. Ag electrode (100 nm) was depos

ited by thermal evaporation on top of ETL.

Characterization

To characterize the oxidized Spiro, PTAA, and P3HT, ultraviolet- 

visible (UV-Vis) spectra (SHIMADZU UV-2600) and EPR spec

trometry (Bruker EMX PLUS) were carried out. To characterize 

the micro-surface of electrode and perovskite film, cold-field- 

emission SEM (Hitachi S-4800) was performed. To characterize 

its existence and migration, TOF-SIMS (5–100, IONTOF GmbH) 

was performed. FTIR spectroscopy (Bruker) was performed on 

Spiro solution before and after electrolysis. The capacitance- 

voltage (C-V) measurement (AMETEK-Modulab XM) was per

formed to characterize the redox potential of Spiro. A platinum 

electrode was used as the counter electrode and the reference 

electrode was Ag/AgCl (saturated KCl). Ferrocene was added 

to the test solution as an internal standard to calibrate the poten

tial. UPS (ESCALAB 250Xi) was carried out to characterize the 

Fermi-level structure of Spiro film. Mott-Schottky analysis was 

carried out on PSCs with different HTLs using an electrochemical 

workstation (Zahner Zennium). TRPL (Edinburgh Instrument, 

FLS980) was performed to characterize the interfacial carrier 

dynamic with an excitation wavelength of 470 nm. The TRPL 

fitted curves were obtained according to the following biexpo

nential equation:

I(t) = A1 exp

(
− t

τ1

)

+ A2 exp

(
− t

τ2

)

where the fast decay time constants (τ1) correspond to radiative 

recombination processes and the slow decay time constants (τ2) 

correspond to nonradiative recombination processes.

Device efficiency was measured by using a Keithley 2400 

source meter with a scanning rate of 65 mV/s under simulated 

AM 1.5 G illumination, and the mask area is 0.08 cm2. The EQE 

was measured by QE-R systems (Enli Tech). The operational sta

bility tracking of the device was tested under light-emitting diode 

illumination (AM 1.5 G) in a N2 glovebox.

SCAPS-1D introduction

SCAPS-1D v.3.3.11 was used in this work to build a PSC model, 

validating the effectiveness of the doping strategies employed. 

SCAPS-1D was developed by Marc Burgelman and his col

leagues at the University of Gent, Belgium.
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