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Broader statement:

Organic semiconductors (OSCs) are a critical component of next-generation 
electronics, enabling low-cost, lightweight devices that surpass current technologies 
in fields spanning light-emitting diodes, field-effect transistors, thermoelectrics, and 
photovoltaics. The key to realising beneficial electronic properties of OSCs is the use 
of chemical dopants, making the doping method critical for device performance and 
commercialisation. However, issues with dopant design remain including poor 
processability, limited tunability, and chemical instability restricting performance and 
stability. Herein, we introduce a design strategy for molecular dopants based on 
metallocenium salts, elucidating structure–property relationships to guide 
independent tuning of redox potential and counter-anion interactions. This approach 
provides precise control over doping strength and stability, establishing design rules 
for doping OSCs. As a case study, we apply these air-stable dopants to perovskite 
solar cells (PSCs), replacing the hygroscopic and volatile lithium based dopants 
typically used in the organic hole transport layer (HTL). Perovskite/HTL films 
containing our metallocenium dopants show enhanced resistance to environmental 
degradation and improved interfacial charge separation. We report  lithium-free 
devices with efficiencies exceeding 25%, demonstrated using archetypal HTL, 
namely Spiro-OMeTAD. This work addresses the universal challenge of controlled 
and stable doping, providing a platform for durable, high-performance OSC devices 
across next-generation optoelectronics.
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Abstract

The generation of free carriers through extrinsic doping is essential in transforming the 

electronic properties of organic semiconductors (OSCs). Doped OSCs play a crucial role in 

the successful operation of a wide range of electrical and optoelectronic devices, but 

challenges associated with dopant design, such as processability, stability and efficacy, 

remain. Herein, we introduce a class of versatile p-type dopants based on metallocenium salts 

with the general formula ([M(C10H10-n)(X)n]+[Y]-) that meets these requirements. Critical to this 

approach is the ability to independently tune the cation via the redox-active metal cation (M) 

and the functionality (X) on the cyclopentadiene ring, allowing control over the oxidation 

strength. Simultaneously, the ability to tune the counter-anion (Y) allows control over the 

doping efficacy and stability of the resultant doped OSC+ salt.  In this study, we systematically 

investigate the effect of cation and anion structure on the doping of OSCs and elucidate 

structure-property relationships for dopant design. We unravel the doping mechanism and 

demonstrate that such dopants can be used to enhance the hole extraction yield by 45% at 

perovskite / OSC heterojunctions. Perovskite / OSC photoactive layers using metallocenium 

dopants show significantly increased tolerance to moisture induced degradation as compared 

to films using conventional LiTFSI based dopants. Finally, we showcase the use of our 

optimised ferrocenium dopant in n-i-p configuration perovskite solar cells, demonstrating 

LiTFSI-free and additive-free devices with impressive solar-light to electrical power conversion 

efficiencies reaching 25.30 %. 
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Introduction

Chemical doping plays a critical role in tuning the intrinsic carrier conduction properties of 

organic semiconductors (OSCs).1–3 The increased carrier density in doped OSCs results in 

improved charge carrier mobility and enhanced conductivity. The use of doping as a means 

to improve the electronic properties has enabled OSCs to be incorporated within a wide range 

of applications, most notably light-emitting diodes (LEDs),1,4 field effect transistors (FETs),5,6 

thermoelectrics (TE),7,8 and photovoltaics (PV), including perovskites.9–11 Despite recent 

advances in the field of doped OSCs, major challenges remain including: i) the dopant and 

doped OSC chemical stability, ii) precise tuning and matching of the redox potential between 

the dopant and ionisation potential of the OSC, iii) control over the coulombic binding between 

the dopant and OSC, and iv) the ability to produce mild dopants with high doping efficacy.12–

15 To facilitate p-type doping of OSCs, the oxidation potential of the dopant must exceed the 

oxidation potential of the OSC such that free holes are generated in the semiconductor. The 

use of strong oxidisers often compromises the chemical stability of the OSC, thus creating a 

preference for sufficiently mild oxidising dopants that maintain a high doping efficacy. 

Additionally, the incorporation of excessively strongly oxidising dopants within OSCs can lead 

to morphological defects and phase-segregation, introducing additional challenges such as 

hygroscopicity.16–19 As such, a one-size-fits-all approach in dopant design that relies on a 

selection of universal dopants is sub-optimal when used across a range of OSCs.  These 

challenges are further compounded by the often expensive and complex dopant synthesis 

procedures or the use of thermal activation to generate carriers, which can further impair 

device stability.15,20–22    

Herein, we introduce a new strategy for doping hole-transporting OSCs (Figure 1). Our 

approach is based on the use of metallocenium salts, which allows tuning and optimisation of 

both the oxidiser strength and the oxidation efficacy.  This tunability is enabled by the synthetic 

and chemical design flexibility afforded using metallocene compounds. The dopants comprise 

a general structural formula of [(M)(C10H10-n)(X)n]+[Y]- where M is a charge transition metal ion, 

X corresponds to the inclusion of n functional group(s) on the cyclopentadienyl (Cp)  ring, and 

Y- is a counter anion (Figure 1). In this system, the metallocenium cation dictates the oxidation 

potential of the dopant, allowing the doping of a range of OSCs with varying ionisation 

potentials. For this work, the ferrocenium ion (M = Fe) is predominantly used owing to its ideal 

redox proximity to the ionisation energy of spiro-OMeTAD amongst other hole transporting 

OSCs. The ability to modify the Cp ring functionality (X) with electron-donating or withdrawing 

groups provides an additional degree of freedom to fine-tune the redox properties of the 

dopant (Figure 1).23 Simultaneously, the choice of counter-anion influences the ionic 
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interaction and binding strength of the oxidised OSC salt, allowing control over the chemical 

stability of the charged ion-pair and dictating the doping efficacy. 

Figure 1. Design freedoms afforded by metallocenium-based dopants for organic semiconductors (OSCs). 
The [M(C10H10-n)(X)n]+[Y]- dopants can be tuned via the (M) metal, (X) functional groups and (Y) anion choice. The 

redox properties can be tuned via the design of the metallocenium cation; whereas the chemical stability of the 

dopant is dictated by the anion group. The ability to independently tune these parameters creates a 3D design 

space of possible structures for different applications. 

Chemical doping of OSCs is a long-standing challenge in the field of perovskite solar cells 

(PSCs). PSCs have achieved reported efficiencies as high as 27 %, which has been enabled 

by the integration and optimisation of OSCs.24 Of these OSCs, doped 2,2',7,7'-Tetrakis[N,N-

di(4-methoxyphenyl)amino]-9,9'-spirobifluorene or spiro-OMeTAD has been particularly 

influential as a hole transport layer (HTL) in n-i-p architecture devices, enabling power 

conversion efficiencies (PCEs) exceeding 26 %.25–27   Nevertheless, PSCs prepared with 

conventional high-performance spiro-OMeTAD doping suffer poor chemical stability, as a 

consequence of the hygroscopic nature of alkali metal-based ions, in this case, lithium 

bis(trifluoromethylsulfomidie) (LiTFSI). This has led to frequent substitution of the HTL with 

more stable alternatives when assessing device stability.25,28–31 To date, strategies to mitigate 

the hygroscopic LiTFSI dopant have heavily relied on the use of alternate metal cations or a 

handful of molecular cations.32–34 However, these dopants have yet to achieve the high 
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performance of PSCs prepared with LiTFSI. This is, in part, a consequence of the difficulty in 

tailoring the doping characteristics to replicate the high-performing LiTFSI and Tris(2-(1H-

pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tris(bis(trifluoromethylsulfonyl)imide)) (FK209) co-

dopants,35 using selection of cation alternatives with limited tunability. 32–34,36 

In this study, we report on the application of ferrocenium salts as oxidative dopants for the 

HTL in n-i-p PSCs. Through a combination of chemical design, spectroscopy, ab initio 

modelling and photovoltaic device studies, we investigate the influence of the molecular 

structure of the ferrocenium salts on the doping strength and efficacy. This allows us to 

elucidate key structure-property relationships and design criteria that can be used to guide the 

doping of OSCs. Specifically, we investigate the effect of the metal cation, counter-anion, and 

Cp ring functionality on the doping performance of spiro-OMeTAD. We rationalise how the 

inclusion of electron-withdrawing and -donating groups can modify the oxidation potential of 

the metallocene core. Similarly, we show how softer, more polarisable anions provide stronger 

coulombic binding energies to spiro-OMeTAD, yielding higher doping efficacy. We prepare 

nickelocenium and cobaltocenium TFSI, to demonstrate the effect of metal substitution on 

redox potential. To demonstrate the versatility of our approach, we extend this concept to 

doping of other widely used OSCs, namely polytriarylamine (PTAA) and polythiophene 

(P3HT). We showcase the excellent air stability and chemical stability of the ferrocenium 

dopants, observing significantly reduced dopant-induced chemical instability at the 

perovskite/doped-HTL interface. Furthermore, the hydrophobicity of the metallocene salts 

provides improved tolerance of the HTL to moisture and humidity, leading to a retention of 

hole extraction yield under high humidity conditions. Transient absorption spectroscopy 

studies reveal that ferrocenium dopants can be used to optimize and enhance the hole 

extraction yield by 45% at perovskite / OSC heterojunctions. Finally, we demonstrate that 

tailored metallocenium [(M)(C10H10-n)(X)n]+[Y]- dopants can effectively replace the commonly 

used hygroscopic LiTFSI and FK209 co-dopants in perovskite solar cells, leading to solar light 

electrical power conversion efficiencies exceeding 25 %.

Results and Discussion

Optimisation of Y- Anion Choice

A range of ferrocenium salts with differing anions were synthesised (Figure 2a) using a simple 

ferrocene oxidation with Ag salts of the target anions (see Methods).37 Ferrocenium salts with 

TFSI-, BF4-, OTf-, and PF6- anions were prepared to study the effect of anion structure on the 

doping yield and performance in doped HTLs. To confirm the oxidation of the ferrocene 
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component to ferrocenium, NMR was used to probe the chemical shift of the Cp ring protons. 

The spectra show a downfield shift from 4.1 ppm to 32.8 ppm and broadening, indicating 

successful one-electron oxidation to the respective paramagnetic ferrocenium compounds 

(Supplementary Figures S1-S2).37 Likewise, in the case of the TFSI anion, a single peak in 
19F NMR attributed to the CF3 groups experiences an upfield shift from -76 to -88 ppm, 

consistent with displacement onto the ferrocenium ion. The exchange of the counter anion 

was further confirmed through the ATR-FTIR vibrational modes; [BF4] 1028 & 1000 cm-1 (B-F 

stretch),38 [OTf] 1255 cm-1 (SO3 stretch) and 1151 cm-1 (CF3 stretch),39 [PF6] 811 cm-1 (P-F 

antisymmetric stretch),38 [TFSI] 1343 & 1048 cm-1 (S=O stretches), 1185 cm-1 (CF3 stretch) 

(Supplementary Figure S3). The changes in the recorded IR spectra post-oxidation are 

accompanied by red-shifted absorbance onset at 690 nm, an indicator of ferrocenium 

formation (Supplementary Figure S4). We confirm the composition of [Fc][TFSI] using single-

crystal X-ray diffraction (XRD), where we observe a 1:1 ferrocenium to anion ratio 

(crystallographic parameters are detailed in Supplementary Methods, Figure S5-6, and 
Table S1).

                            𝐹𝑐+𝑌― +𝑠𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷→𝐹𝑐 +  𝑠𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷+𝑌―                        (1)

In order to perform the doping of the HTL, solid ferrocenium salt was directly added to a 

solution of spiro-OMeTAD, in line with previously reported procedures.40,41 This resulted in a 

colour change from yellow to red, consistent with the oxidation of spiro-OMeTAD 

(Supplementary Figure S7).40,41 We used 19F NMR to examine the chemical structure of the 

counter in the [spiro-OMeTAD+•][Y-] product formed after the doping reaction (Equation 1).  

The 19F NMR spectra are presented in Figure 2b and demonstrate that the exchange of anions 

is independent of the anion choice, resulting in the formation of a range of attainable [spiro-

OMeTAD+•][Y-] salts. The ability to tune the doped OSC anion is crucial, enabling control over 

key properties such as ionic binding energy (vide infra), chemical stability, solubility and 

electronic properties.35,42,43 In the 19F NMR spectrum of [Fc][TFSI], the -CF3 fluorines shows a 

single chemical shift at -79 ppm, consistent with spiro-OMeTAD doped with LiTFSI and FK209, 

demonstrating that the same doped [spiro-OMeTAD+•][TFSI] species is formed 

(Supplementary Figure S8). To confirm the reduction of ferrocenium, an additional 1H NMR 

was collected on [Fc][TFSI] doped solutions, which revealed the formation of neutral ferrocene 

(Figure 2c).29 Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight mass spectrometry 

(MALDI) further confirmed Equation 1 as the primary doping mechanism, where the peak at 

1505 is attributed to [spiro-OMeTAD+•][TFSI] (Supplementary Figure S9).
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Figure 2. Optimisation of the Anion (Y-) of [M(C10H10-n)(X)n]+[Y]- dopants. a, Chemical structure of anions from 

left to right bis(trifluoromethylsulfonimide) [TFSI-], hexafluorophosphate [PF6-], trifluoromethylsulfimide [OTf-], and 

tetrafluoroborate [BF4-]. b, 19F NMR showing shifts in the anion chemical environment before and after addition to 

spiro-OMeTAD. c, 1H NMR of pre-doped spiro-OMeTAD (yellow) with the reformation of ferrocene (orange) Cp 

singlet upon addition of [Fc][TFSI] (blue) to spiro-OMeTAD, forming [spiro-OMeTAD+• ][TFSI-](red). d, EPR data of 

spiro-OMeTAD doped with different ferrocenium salts and e, correlation between EPR oxidation yield and 

absorbance of spiro-OMeTAD+• polaron at 1400 nm. f, Key photoinduced charge transfer reactions at the TiO2 

/perovskite / spiro-OMeTAD heterojunction. Schematic of electron (red) and hole (blue) processes in a typical 

transient absorbance spectroscopy (TAS) experiment, 1. Excitation of the perovskite sample to form electrons and 

holes. 2. Hole injection into spiro-OMeTAD, where the yield is directly proportional to ΔODmax. 3. Electron injection 

into an electron transport layer (TiO2), 4. Interfacial recombination between electrons in the conduction bands of 

perovskite and TiO2 and holes injected into spiro-OMeTAD. g,TAS of TiO2/MAPbI3/doped spiro-OMeTAD films. 

The yield of hole transfer at the MAPbI3/doped spiro-OMeTAD is proportional to the change in optical density ΔOD 

(mOD = OD (x 10-3)). In this study, the spiro-OMeTAD was doped with ferroceniums with different anions. h, 

Comparison between the choice of ferrocenium anion species and the performance of spiro-OMeTAD OSC. 

We now turn to the relationship between the structure of the counter anion (Y) and the doping 

efficacy and performance of doped spiro-OMeTAD as an HTL. Electronic paramagnetic 

resonance (EPR) enables the determination of the concentration of unpaired electrons 

through the magnitude of perturbation caused by an applied magnetic field.44 EPR signals of 

ferrocenium compounds are not observed at the experimental temperature of 298 K owing to 
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fast spin-lattice relaxations (Supplementary Figure S10).45 This simplification allows for 

correlation of the EPR double integral intensity as an estimate of the molar percentage of 

spiro-OMeTAD oxidation reported in Figures 2d-e. From this data, we observe oxidation 

efficacies ranging from 0.77% in the BF4 salt to 3.50% with the TFSI anion. These findings are 

in agreement with the UV-vis absorbance intensity of the spiro-OMeTAD+• polaron (λ = 1400 

nm) (Supplementary Figure S11). From the EPR and UV-vis studies, we establish a trend in 

anion doping efficacy following the order BF4 < OTf < PF6 < TFSI, shown in Figure 2e. 

Transient absorption spectroscopy (TAS) was used to probe the photoinduced hole transfer 

reaction at the MAPbI3 perovskite / doped spiro-OMeTAD heterojunction.29,46–48 We 

determined the kinetics of charge recombination between the photoexcited electrons in the 

perovskite and holes in the spiro-OMeTAD by monitoring the decay of the spiro-OMeTAD+• 

polarons at 1600 nm following pulsed laser excitation at 532 nm (Figure 2f). Figure 2g shows 

typical decay traces of hole polarons within spiro-OMeTAD as a function of dopant anion. We 

note that the TAS decays for the PF6 and TFSI anions exhibit negative change in optical 

density (ΔOD) signals on millisecond timescales; the origin and optimisation of these kinetics 

are discussed in greater detail below (vide infra). The OD is directly related to the 

concentration of photogenerated spiro-OMeTAD+• and is therefore a measure of the yield of 

hole transfer. Supplementary Figure S12 presents the relative hole transfer yield ODmax 

(defined as OD at 1 s) for the different dopant anions. Photoluminescence (PL) quenching 

measurements (Supplementary Figure S13) agree with the transient absorption data; 

samples with greater yield of PL quenching exhibit larger ODmax values.49 In summary, Figure 

2h presents a direct correlation between the hole transfer yield, anion type, and the extent of 

doping. 

We used density functional theory (DFT) to obtain further atomistic insights into the 

relationship between the chemical structure of the anion and doping efficacy. Electronic 

surface potential (ESP) maps of the spiro-OMeTAD+• optimised geometry when doped with a 

set of TFSI, PF6 or OTf anions reveal an increase in electronic potential localised on the anion 

in the order OTf > PF6 > TFSI (Supplementary Figure S14). This trend is further observed 

upon inspection of the charge distribution across the isolated anions and reflects the 

polarizability of the anions (Supplementary Figure S15). The variation in the distribution of 

charge across the anion directly influences the binding energy (ΔGb) between the anions and 

spiro-OMeTAD+•, yielding binding energies of 2.87, 2.96 and 3.30 eV, for OTf, PF6 and TFSI, 

respectively. As such, the polarizability of the anion dictates the doping efficacy and 

subsequent performance.50,51 The tendency of polarisable anions to produce high-

performance OSC dopants is reflected in the prevalence of large, conjugated counter-anions 

TFSI, F4-CTNQ  and poly(styrenesulfonate) (PSS) within the literature.13,51 Finally, we predict 
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the thermodynamic driving force for the ion-exchange doping reaction given in Equation 1 

(ΔGr(Eq.1)). Free energies of Equation 1 of -0.87, -0.99 and -1.11 eV were calculated for OTf, 

PF6 and TFSI dopants, respectively, and demonstrate a strong correlation with the molar spiro-

OMeTAD oxidation and performance as an HTL (Supplementary information S16). As such, 

ferroceniums with polarizable counter anions show greater yields of both doping and hole 

transfer, originating from a smaller binding energy with spiro-OMeTAD+• and a greater 

thermodynamic driving force for doping.  

Optimisation of [(M)(C10H10-n)(X)n]+ Cation 

We now consider the role of the ferrocenium cation on the oxidative doping of OSCs. We 

prepared a range of ferrocenium TFSI salts with different functional groups (electron-donating 

to electron-withdrawing) substituted onto the Cp ring (Figure 3a). Microscope images of the 

resultant ferrocenium crystals are provided in Supplementary Figure S17. The ATR-FTIR 

spectrum for each compound showed distinctive TFSI S=O stretches at 1344 and 1047 cm-1 

and a CF3 stretch at 1176 cm-1. In the ferrocenium salt containing a COOH group 

([Fc(COOH)][TFSI]), stretches at 1698 and 1292 cm-1 correspond to the C=O and C-O 

stretching modes, respectively (Supplementary Figure S18). A red shift in the absorbance 

spectra was also observed in all ferrocene derivatives upon oxidation, shown in 

Supplementary Figure S19. Metallocenium salts with alternative metal centres, 

nickelocenium ([Nc]) and cobaltocenium ([Cc]) bis(trifluoromethylsulfonimide) salts were also 

prepared using the same process as the ferrocenium derivatives. In the case of [Nc][TFSI] 

affording brown crystals and identified through the characteristic TFSI FTIR stretching modes 

at 1344 and 1047 cm-1 and the presence of a singlet peak at 76 ppm in the 19F NMR 

(Supplementary Figure S20-21). [Cc][TFSI] formed a black solid and was characterised 

using 1H NMR (Supplementary Figure S21), from which a downfield shift from -17.5 to 5.7 

ppm of the Cp ring was recorded following oxidation. The 19F spectrum showed a TFSI peak 

at 78 ppm (Supplementary Figure S21). 

The functions of the anion and cation in the metallocenium salts are distinct, allowing 

independent optimisation of multiple properties. Whilst the anion is primarily involved in 

stabilisation of the spiro-OMeTAD+• polaron, the cation design determines the oxidation 

strength of the dopant. Oxidative doping of OSCs is expected to occur when the redox 

potential (EOx) of the metallocenium cation is greater than the redox potential of the OSC such 

that there is an overall decrease in the potential of the electron and ETot is positive (Equations 

2 & 3). Cyclic voltammetry (CV) was used to evaluate the oxidation potentials of the different 

metallocene derivatives (Figure 3b). Taking the half-wave potential between the anodic and 

cathodic waves gives a redox potential for the Fc/Fc+ half-cell of 0.10 V w.r.t Ag/Ag+. This 
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value can then be converted to a vacuum potential of -5.10 eV, using previously reported 

methodology.40,52 Comparing this value to the first oxidation potential of spiro-OMeTAD (EOx = 

5.05 eV, Supplementary information S22), rationalises our observations to conclude that 

the ferrocenium cation is sufficiently oxidising to dope spiro-OMeTAD .40 Addition of a methyl 

group to each ring lowers EOx to 5.01 eV, producing a milder oxidant. The electron-donating 

effect of the methyl substituents on the electronic surface potential is shown in Figure 3c, 
whereby electron density is directed onto the Cp rings. Accordingly, EPR spectroscopy shows 

a lower spiro-OMeTAD doping yield 1.8 mol% when prepared with Fc(Me)2. The effect of EOx 

was further demonstrated through lowering the potential to -4.78 eV by replacement of the 

Fe3+ centre with Ni3+ in [Nc][TFSI] and lower still to 3.96 eV using Co3+ [Cc][TFSI] 

(Supplementary Figure S23). As a result of the lower redox potential, [Nc][TFSI] is too mild 

to oxidise the spiro-OMeTAD system, yielding no [spiro-OMeTAD][TFSI] formation 

(Supplementary Figure S24). 

                              𝐸𝑇𝑜𝑡 =  ― (𝐸𝑜𝑥 [(𝑀)(𝐶10𝐻10―𝑥)𝑛(𝑥)𝑛]+[𝑌]― ― 𝐸𝑜𝑥(𝑂𝑆𝐶)) > 0       (2)

                                                                     ∆𝐺 = ―𝑛𝐹𝐸𝑇𝑜𝑡                                    (3)

Stronger oxidising dopants can be produced through the inclusion of electron-withdrawing 

functionality, such as a carboxyl group or halogen atom. CV was used to evaluate the redox 

potentials of ferrocene-derivatives containing a carboxylic acid group (Fc(COOH); Eox = -5.30 

eV), diiodoferrocene (Fc(I)2; Eox = -5.38 eV) and dibromoferrocene (Fc(Br)2; Eox = -5.40 eV). 

In these compounds, electron density is withdrawn from the redox-active metal centre (Figure 
3c). The relative Eox potentials of the different ferrocenium cations are presented in Figure 
3d, alongside common OSCs.  In the case of Fc(I)2 and Fc(Br)2, we find that the observed Eox 

values also exceed the second oxidation potential of spiro-OMeTAD (Eox = -5.25 eV), allowing 

opportunities to access higher oxidation states through control of the molecular design. EPR 

measurements on spiro-OMeTAD doped with ferroceniums with electron-withdrawing 

functionality are presented in Figure 3e. As expected, a strong correlation is observed 

between Eox and mol% of doping, reaching up to 4.3 mol% when doped with 2.5 mM 

[Fc(Br)2][TFSI], the most oxidising dopant tested herein. We note that [Fc(COOH)][TFSI] 

exhibited poor solubility in chlorobenzene, which may rationalise the lower mol% oxidation 

observed.
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Figure 3. Optimisation of the cation functionality (X) of [(M)(C5H5-n)2(X)]+[Y]- dopants. a, Chemical structures 

of ferrocene derivatives used to produce ferrocenium dopants. b, Cyclic voltammetry (CV) measurements of 

ferrocene derivatives measuring at 2 mM in 0.1 M [NBuPF6] ACN electrolyte against Ag/AgNO3 reference electrode. 

c, DFT electronic surface potential (EPS) of the most electron-donating functionalised derivative [Fc(Me)2], 

ferrocene, and the most electron-withdrawing functionalised derivative [Fc(Br)2], red areas indicate areas of 

electronegativity. d, Comparison of oxidation potential between ferrocene-derivatives and common OSC materials. 

e, Comparison between the molar oxidation percentage of spiro-OMeTAD calculated from EPR spectroscopy 

against the vacuum potential of ferrocene-derivatives. f, Transient absorption spectroscopy (TAS) studies of 

TiO2/MAPbI3/doped spiro-OMeTAD films. TAS data showing changes in the hole extraction efficiency in spiro-

OMeTAD doped with different ferrocenium cations. The change in optical density ΔOD is proportional to the yield 

of hole transfer (note that mOD = OD x 10-3). g, Correlation between the performance of spiro-OMeTAD as an 

HTL and the oxidation potential of the ferrocenium cation used to dope. 

We next investigate the influence of the cation functional groups on the performance of the 

doped OSC when used as an HTL. First, TAS was used to compare the yield of hole extraction 

from a perovskite active layer, providing a comparison between the performances of the 

different cations when used to dope spiro-OMeTAD. From the decays presented in Figure 3f, 
the yield of hole transfer (mΔODmax) was found to follow the same trend as observed in the 

EPR measurements, where the inclusion of electron-withdrawing substituents improved the 

hole extraction yield. Using [Fc(Br)2]+, we observe that the yield of hole transfer can be 

enhanced by 45 %. In contrast, replacing the [Fc]+ cation with the less oxidising [Fc(Me)2]+ 
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cation decreased the hole transfer yield by 62 %. These findings were further supported using 

PL spectroscopy (Supplementary Figure S25), whereby greater quenching of the perovskite 

active layer was achieved using dopants with more electron-withdrawing ring substituents. As 

such, the design of the functionality on the Cp ring is critical in determining the performance 

of the doped OSC when used as a hole extraction layer.

We note the presence of a negative transient feature on the order of 10-2 s in spiro-OMeTAD 

in samples prepared with [Fc(Me)2] and [Fc] cations. We further note that this feature was also 

observed in [Fc][PF6] doped samples (Figure 2f). We attribute this feature to a temporary de-

doping effect induced by the close energetic proximity between the Fc/Fc+ redox potential and 

the first oxidation of spiro-OMeTAD combined with the reversible nature of the Fc/Fc+ (< 0.1 

eV) (Supplementary Note 1). This transient effect is not observed using cations with a larger 

offset compared to the OSC, owing to the formation of a large energetic barrier to de-doping. 

Notably, while [Fc(COOH)][TFSI] doped spiro-OMeTAD exhibits lower yields of hole transfer 

owing to poor solubility in chlorobenzene, the effect is still present, confirming the process is 

driven by energetics.    

Finally, we consider the influence of the neutral ferrocene that forms as a by-product of 

Equation 1. Formation of neutral ferrocene within the HTL can i) improve the performance of 

the HTL and ii) provide a hydrophobic alternative to hygroscopic metal cations, such as Li+.29,53 

In synergy with the experimental work, we used DFT and ab initio molecular dynamics 

methods to gain insights into ferrocene-perovskite surface interactions, which are not fully 

understood on the atomic scale. For such a detailed modelling analysis, ferrocene provides a 

simple representative system, allowing us to consider the behaviour of the dopant by-product 

at the perovskite interface. The simulations examined the atomistic effects at the (001) PbI2-

terminated surfaces of MAPbI3, as it is one of the most stable perovskite facets (computational 

details are provided in the Methods section).   Four important results emerged. First, the 

ferrocene molecule adsorbs favourably on the MAPbI3 surface, with a binding energy of -0.69 

eV. For this configuration, Figure 4a shows the changes in charge-density profile across the 

ferrocene-perovskite interface, suggesting that both the Fe metal centre and the Cp rings 

engage in significant electronic interactions with undercoordinated Pb. Second, adsorption of 

the ferrocene molecule results in the reduction of the work function by 1.01 eV 

(Supplementary Figure S26; Table S2), suggesting band bending at the perovskite surface, 

which agrees well with our previous experimental findings using Kelvin Probe Force 

Microscopy.23,29 This is also in accord with the TAS results (Figure 3f), which reveal longer 

hole polaron lifetimes in spiro-OMeTAD doped with strongly oxidising ferroceniums (Figure 
S27 & Supplementary Note S1).   
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Figure 4. DFT modelling of the impact of residual ferrocene, the by-product of ferrocenium doping.  a, Side 

view of the simulated lowest-energy configuration of ferrocene on the (001) PbI2-terminated MAPbI3 surface and 

charge density profile (with charge density gain and loss coloured in yellow and blue, respectively). b, Calculated 

electronic density of states (DOS) for the MAPbI₃ surface with and without Fc doping. DOS are projected onto 

atoms in the top three layers of the surface slab (blue) and onto ferrocene atoms (orange). Top panel: surface 

without ferrocene; middle and bottom panels: surfaces with the ferrocene molecule relaxed near the surface, 

showing additional hybridized states not found in the undoped system. All DOS plots are aligned to the surface 

VBM, set to zero on the energy axis. The black dashed line indicates the position of the highest occupied level at 

the surface. c, Schematic energy level diagram illustrating the proposed mechanism of hole transport at the 

interface between the perovskite (PVK) layer and the HTL without (left) and with (right) Fc doping.

Third, the simulated electronic density of states (DOS) (Figure 4b) indicates that the neutral 

ferrocene modifies the electronic structure of the surface by introducing additional energy 

states within the band gap, which do not appear in the bulk DOS (Figure S28). These results 

suggest that ferrocene forms hybridized states with undercoordinated surface Pb2+consistent 

with studies pertaining neutral Fc with perovskite surfaces.23,29 Also, a small blue shift (0.03 

eV) of the surface band gap was found, which indicates possible passivation of the perovskite 

surface, mitigating non-radiative recombination centres. Finally, the ferrocene-surface 

hybridized states elevate the highest occupied energy level above the valence band maximum 

(VBM), which helps to account for the work function shift at the surface. As a result, these 

hybridized states serve as intermediate channels between the HOMO level of the Fc-doped 

spiro-OMeTAD layer and the VBM level of the perovskite, which would facilitate efficient hole 

extraction (illustrated schematically in Figure 4c). 

In summary, we have shown that the chemical structure of the metallocenium cation can be 

easily modified to tune its oxidation potential and strength through i) substitution of the metal 

or ii) fine-tuning of the Cp ring functionality. Our ab initio simulations suggest that the neutral 

ferrocene by-products and their influence on the perovskite (e.g. band bending, surface 

hybridized states, and passivation) collectively contribute to the enhanced hole extraction at 
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the interface between the perovskite and the HTL layer as observed from the TAS 

experiments. 

Application of ferrocenium dopants in n-i-p PSCs

To this point, we have demonstrated the flexibility afforded by ferrocenium dopants using 

spiro-OMeTAD as a technologically relevant molecular OSC. We next investigate the 

ferrocenium salt doping on PTAA and P3HT, archetypal examples of poly(triarylamine) and 

poly(thiophene) classes of OSCs, respectively (Figure 5a). It has been reported that both 

PTAA and P3HT have similar values of Eox(OSC) to spiro-OMeTAD, allowing both OSCs to 

be doped upon addition of [Fc][TFSI], leading to a change in colour and the absorbance profile 

shown in Figure 5b (inset) and Supplementary Figure S29.11,54,55 Confirmation of doping for 

both OSCs using [Fc][TFSI] was confirmed using EPR spectroscopy, presented in Figure 5b 
and distinct changes in the 1H NMR spectra arising from the presence of paramagnetic effects 

(Supplementary Figure S30). 19F NMR spectroscopy further confirmed the formation of both 

PTAA and P3HT TFSI salts, demonstrating that Equation 1 holds for different OSCs, provided 

Eox of the ferrocenium centre is larger than the ionisation potential of the OSC 

(Supplementary Figure S31). In all three OSCs tested, we observe improvements to the 

electrical conductivity (σ)  upon doping with [Fc][TFSI], increasing from 1.6 x10-10 to 2.3 x10-5 

S cm-1, 3.7 x10-4 to 7.2 x10-4 S cm-1 and 2.4 x10-5 to 4.8 x10-5 S cm-1 for spiro-OMeTAD, PTAA 

and P3HT, respectively (Figure 4c).56 Similarly, TAS and time-resolved photoluminescence 

(TRPL) measurements on perovskite heterojunctions prepared with PTAA or P3HT HTLs 

show improved yields of hole injection post-doping, indicating enhanced OSC performance of 

the HTL (Figure 5d and Supplementary Figure S32). 
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Figure 5. Applicability of ferrocenium dopants in alternative OSCs and PSCs. a, Chemical structure of 

poly(triarylamine) (PTAA) and poly(3-hexylthiophene) (P3HT). b, EPR spectra of PTAA (above) and P3HT (below) 

with and without [Fc][TFSI] doping. (Inset) Photographs showing colour change of PTAA and P3HT pre-doping 

(left) and post-doping (right). c, J-V characteristics of the ohmic region of spiro-OMeTAD (top), PTAA (centre), and 

P3HT (bottom) using an ITO/PEDOT:PSS/OSC/Au architecture with and without [Fc][TFSI] doping. Conductivity σ 

calculated using I = σAVd-1.56 c, μs-TAS decays of the perovskite/HTL interface prepared with and without 

[Fc][TFSI] in PTAA (green) and P3HT (purple). e, Absorbance spectra of perovskite substrates after interfacial 

contact with LiTFSI or [Fc][TFSI] for a period of 2 minutes, (Inset) Microscope photograph of LiTFSI-induced cation 

washout in perovskite, forming yellow PbI2 regions. f, Absorbance spectra of perovskite substrates prepared with 

spiro-OMeTAD doped using LiTFSI + FK209 or [Fc][TFSI] under high humidity conditions (85 % RH, 25  oC). g, 

Device architecture schematic of n-i-p PSCs used to demonstrate ferrocenium doping of spiro-OMeTAD as an 

HTL. h Champion J-V curves and i, PCE statistical distribution of PSCs prepared using LiTFSI, [Fc][TFSI] or 

[Fc(Br)2][TFSI]. 

To evaluate the stability of ferrocenium-based dopants against conventional LiTFSI, solid 

forms of both dopants were deposited on exposed perovskite substrates and the change in 

absorbance was measured (Figure 5e). The hygroscopic LiTFSI samples quickly condensed 

water in as little as 120 seconds, forming visible water droplets on the perovskite and 

producing yellow regions in the film (Supplementary Figure S33). In these regions, the 

perovskite cation is removed, leaving behind PbI2 as confirmed by the absorbance 

spectroscopy.57 In contrast, negligible changes occur to the perovskite upon contact with 

[Fc][TFSI], owing to the excellent air-stability of the ferrocenium salts when in the solid-state, 
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and the Cp rings increasing the hydrophobicity at the interface. We next consider the stability 

of MAPbI3 / doped spiro-OMeTAD photoactive layers following ageing under ISOS-D3 (RH = 

85 %) damp storage conditions. In these experiments, we observed a significant loss in the 

perovskite absorbance in the LiTFSI-doped films following 1 hour of ageing. In contrast, we 

observed only a minor change in the UV-vis spectra of [Fc][TFSI] doped samples under the 

same ageing conditions (Figure 5e).58  TAS experiments were further used to probe the yield 

of hole transfer in perovskite/doped spiro-OMeTAD films during storage under ISOS-D3 

conditions. Comparing the evolution of ΔODmax, we report retention of 56 % of the initial hole 

extraction yield after 96 hours in the [Fc][TFSI] doped films. In contrast, samples prepared with 

LiTFSI presented no measurable hole extraction after 72 hours (Supplementary Figure S34).  
Moreover, contact-angle measurements (Table S3) show that LiTFSI-doped spiro-OMeTAD 

films rapidly become hydrophilic (decreasing from 50.9° to 13.0° within fifteen minutes), 

consistent with hygroscopic wetting. In contrast, [Fc(Br)₂][TFSI] doped films retain a stable 

contact angle of ~72°, confirming our ferrocene-core TFSI salts significantly enhance short-

term moisture resistance, consistent with optical microscopy observations. Beyond moisture 

stability, TGA also showed high thermal stability and a sublimation temperature of 277 oC 

(Supplementary Figure S37).  

Finally, PSC devices were prepared to demonstrate the performance of ferrocenium dopants 

when used within a technologically relevant application. Devices were prepared using an n-i-

p architecture comprising ITO / SnO2 / Perovskite / spiro-OMeTAD / MoO3 / Ag shown in 

Figure 5g. The devices prepared using the conventional LiTFSI and FK209 co-dopants 

achieved a benchmark PCE of 24.59 % as shown in Figure 5h. Both LiTFSI and FK209 co-

dopants were replaced with the [Fc][TFSI] dopant and PSCs yielded a similar PCE of 24.26 

%. Additional devices were prepared using [Fc(Br)2][TFSI] and achieved an impressive PCE 

of 25.30%, surpassing that of the conventional Li-based cells. These findings are reflected 

within the statistical analysis presented in Figure 5i and are in accord with our findings that 

the introduction of electron-withdrawing functionality to the dopant enhances both oxidation 

strength (Figure 3e) and hole extraction characteristics (Figure 3g).  Moreover, in all cases, 

PSCs showed excellent hysteresis between the forward and reverse scans (Supplementary 
Figure S38). To validate the current density curves collected and measured by the solar 

simulator, additional external quantum efficiency (EQE) was collected, giving values of 25.03 

and 25.22 mA cm-2 for [Fc][TFSI] and [Fc(Br)2][TFSI], respectively, within a 5% tolerance to 

the J-V measurements (Supplementary Figure S39). Additionally, stabilised output point 

tracking was measured over a 300s duration and showed no immediate instability under 

operation (Supplementary Figure S40). Overall, the fabrication of devices demonstrates that 

the use of ferrocenium-derived dopants can exceed the current state-of-the-art LiTFSI-based 

Page 16 of 31Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 9
:2

5:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EE05482F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee05482f


cells and that optimizing of the redox potential and counterion of the metallocenium dopant is 

critical in optimising the performance. This improved performance obtained through 

appropriately designed single-component metallocenium dopants is attributed to three main 

factors: i) Low doping density with clearly-defined neutral ferrocene side-products as opposed 

to large LiTFSI and tert-butyl pyridine (TBP) dopant loadings, ii) Solubility of dopants in 

chlorobenzene as opposed to acetonitrile and iii) Strong oxidation potential that does not 

require oxygen exposure for activation.

 

Conclusions 

In this work, we have demonstrated the application of metallocenium salts [M(C10H10-n)(X)]+[Y]- 

as a tunable framework suitable for doping organic semiconductors (OSCs) that enhance the 

efficiency of PSCs. These dopants can be prepared simply via oxidising functionalized 

ferrocene species with silver salts, affording air-stable crystals. These silver salts can be 

synthesised through salt metathesis, allowing a wide range of flexibility and seamless 

integration within existing technologies.59,60 We show that ferrocenium compounds can be 

used to dope spiro-OMeTAD, a high-performance HTL typically used in PSCs. The 

performance of these dopants is influenced by two key factors: i) the polarizability of the anion 

(Y-) and ii) the oxidation potential of the metallocenium cation, modified through either 

changing the metal (M) or the incorporation of electron-donating or -withdrawing substituents 

(X) on the Cp rings.  It should also be stressed that post-doping, the ability to influence the 

perovskite surface properties via the ferrocene by-products provides an additional advantage 

over the use of other cations, enhancing hole extraction. Beyond spiro-OMeTAD, we 

demonstrate the doping of other OSCs, namely PTAA and P3HT, showing that the doping 

mechanism is widely applicable, provided the design of the metallocenium dopant has a larger 

redox potential than the OSC.  Finally, we report on the use of these dopants in n-i-p perovskite 

solar cells, where structural tuning facilitated the production of LiTFSI-free devices with PCEs 

reaching 25.30 %. We envisage that the tunability of metallocenium dopants, combined with 

their chemical and air stability, makes these compounds highly suitable for a range of 

applications such as OFETs, LEDs and PVs, including perovskite devices. 
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Methods

Sample preparation

Perovskite Preparation – To prepare MAPbI3, 175 mg of MAI (GreatCell Solar) was dissolved 

in a anhydrous co-solvent solution of 950 μL of DMF (Acros Organics)  and 72 μL of DMSO 

(Acros Organics).  The cation solution was then added to 509 mg of PbI2 (Tokyo Chemical 

Industry Co.). The solution was stirred for an hour, filtered and then spin coated at a spin 

coating speed of 4,000 rpm. At 7 s into the 30 s process, 300-350 μL of anhydrous 

chlorobenzene (CB) was deposited as an antisolvent. The cast films were then annealed for 

30 minutes at 100 oC.  

HTL Preparation – Spiro-OMeTAD solution was prepared by dissolving 90 mg mL-1 spiro-

OMeTAD powder (Lumtec, 99.9%) in anhydrous CB (Sigma-Aldrich) and shaken until 

dissolved. To dope the spiro-OMeTAD with [M(C10H10-n)(X)n][Y], 2.5 mmol of solid [M(C10H10-

n)(X)n][Y] was directly added to the undoped spiro-OMeTAD solution, changing the colour to 

dark red. The solution was filtered using a 0.2 μm PTFE filter and deposited at a spin speed 

of 4,000 rpm under an inert atmosphere. 

To prepare PTAA, 10 mg mL-1 of PTAA (Osilla) was dissolved in CB, stirred and filtered. The 

solution was doped using the same 2.5 mM concentration of metallocenium dopant affording 

a red solution. The solution was filtered using a 0.2 μm PTFE filter and spin-coated at 4,000 

rpm. 

For P3HT (Sigma-Aldrich, Mn = 54-74,000), 10 mg mL-1 was dissolved in CB. The solution was 

filtered affording an orange solution. 2.5 mM of metallocenium dopant was added to the P3HT 

solution, changing the colour of the solution to purple. The solution was spin-coated at 2,000 

rpm. 

Perovskite Solar Cell Fabrication - Glass/ITO (15 Ω sq-1) substrates were cleaned by 

sequential sonication in detergent, deionised water, and ethanol for 20 minutes, respectively, 

before being stored in a drying oven at 60 °C. The dry glass/ITO substrates were then treated 

with oxygen plasma for 15 minutes and allowed to cool before use. The aqueous SnO2 

nanocrystal dispersion (12 wt% in water) was diluted in deionised water (Milli-Q) to 3 wt% and 

filtered using a 0.22 𝜇m hydrophobic syringe filter tip. The diluted SnO2 dispersion was then 

spin-coated on the glass/ITO substrates at 3,000 rpm for 30 seconds before being annealed 

at 150 °C in ambient air for 30 minutes. 

The (FA0.98MA0.02)0.95Cs0.05Pb(I0.98Br0.02)3 perovskite precursor solution (1.55 M) was prepared 

by dissolving CsI, FAI, MABr, PbI2, and PbBr2 in 1 ml mixed DMF:DMSO (4:1 v/v) with the 

addition of 12.6 mol% MACl and 7 mol% excess of PbI2 in a N2-filled glovebox. Prior to device 
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fabrication, 0.04 mol% of ODADI was added to the precursor solution and allowed to stir for 2 

h, the precursor was filtered through a 0.22 µm PTFE filter. Deposition of the perovskite layer 

was performed by spin-coating 50 𝜇L of the as-prepared precursor on the glass/ITO/SnO2 

substrate at 1,000 rpm for 10 s and subsequently 5,000 rpm for 40 s, 350 µl of CB was dripped 

onto the centre of the film 10 s before the end of the spin-coating procedure. The substrates 

were then directly annealed at 100 °C for 30 min. The cooled perovskite layers were then 

treated with a passivation layer consisting of 1 mg/ml of PDADI dissolved in 150:1 IPA:DMF 

at 5,000 rpm for 30 s and annealed at 100 °C for 5 minutes. All procedures were conducted 

in a N2-filled glovebox with a controlled temperature between 18-23 °C by the integrated 

conditioner, and water and oxygen levels were maintained < 5 ppm. 

Doped Spiro-OMeTAD solutions, prepared as described above, were dynamically spin-coated 

onto the cooled perovskite layers at 3,000 rpm. No further annealing was performed. 

Finally, 6 nm of MoO3 was evaporated at a rate of 0.5 Å s-1 followed by the 100 nm silver 

electrode (evaporated at a rate of 0.05 Å s-1 for the first 10 nm and 2 Å s-1 for the remaining 

90 nm) under high vacuum (< 4 × 10−6 Torr). A 125 nm thick magnesium fluoride layer was 

evaporated at a rate of 1 Å s-1 on the back of the ITO substrate to reduce reflective losses.

Characterisation

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy – ATR-

FTIR was collected using a Nicolet iS5 solid state spectrometer, combined with an iD7 

diamond ATR configuration and a KBr window. 

Solar Cell Testing - The photovoltaic performance characteristics (J-V curves) of perovskite 

solar cells were measured in a N2-filled glovebox at room temperature using a Xenon lamp 

solar simulator (Enlitech, SS-F5, Taiwan). The light power was calibrated to 100 mW cm-2 by 

a silicon S7 reference cell (with a KG2 filter). All the devices were measured using a Keithley 

2400 source meter under a sweep mode of reverse scan (from 1.20 V to -0.01 V) and forward 

scan (from - 0.01 V to 1.20 V) with the scan rate of 0.01 V s-1 , and the delay time was 10 ms. 

No precondition was needed. The active area was defined and characterised as 0.0419 cm2  

by a metal shadow mask. The stabilised power output was conducted by monitoring the 

stabilised current density output at the MPP bias (extracted from the reverse scan J-V curves). 

External quantum efficiency (EQE) measurements were carried out using a QE-R EQE system 

(Enlitech, Taiwan). 

UV-visible absorbance spectroscopy – UV-visible absorbance spectroscopy was collected 

using a Shimadzu UV-2600i spectrometer with an integrating sphere accessory. 
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Photoluminescence Emission Spectroscopy (PL) – A Nano-LED diode laser (5 mW, Thorlabs) 

at a wavelength of 532 nm was used as an excitation source. Emission was collected via a 

collimator coupled to a fibre optical cable and recorded by a CCS175 Thorlabs spectrometer. 

Time-correlated Single-photon Counting (TCSPC) – TCSPC was measured using a Horiba 

Deltaflex Modular Fluorescence Lifetime setup fitted with a PPD 900 detector. The excitation 

wavelength was chosen as 404 nm and applied via a nanoLED (Model N-07; repetition rate: 

1 MHz; pulse duration <200 ps).

Nuclear Magnetic Resonance Spectroscopy (NMR) - NMR data was collected using a Bruker 

400 MHz spectrometer using topspin software. The Spectra were analysed using Mestrenova 

software. Sample calibration was achieved using the CDCl3 peak (7.26 ppm) for 1H NMR and 

against CFCl3 for 19F (0 ppm). 

Electron Paramagnetic Resonance Spectroscopy (EPR) – EPR data was collected using a 

Bruker ESR 5000 spectrometer at an operating temperature of 29 oC. A microwave 

radiofrequency of 9.46 GHz was used, and microwave power of 0.64 mW (Spiro-

OMeTAD/PTAA) and 4 mW for P3HT. Samples were converted to %mol through use of a 

Nitroxide radical calibration curve, allowing for calculation of the concentration of unpaired 

electron spins. This was converted to a mol % through comparison of the total concentration 

of spiro-OMeTAD measured. 

Transient Absorbance Spectroscopy (TAS) – TAS spectroscopy was measured on samples 

prepared on TiO2. TiO2 (Dyesol) was diluted at a ratio of 7:2 v/w, deposited using a spin speed 

of 5,000 rpm and annealed using an annealing temperature of 500 OC. MAPbI3 was used as 

an archetypal and comparable absorber layer. The doped and undoped HTLs were prepared 

using the methods given in sample preparation. 

Samples were pulsed using an Opotek (Opolette UX06230) wavelength tunable OPO laser at 

a wavelength of 532 nm at a power of ~ 100 μJ cm-2 at a repetition rate of 4 Hz and across a 

sample area of approximately 1 x 1 cm2. A Bentham 100W Tungsten lamp was used as a 

probe source on an orthogonal axis to the pump beam. The probe wavelength was set to 1600 

nm using a Bentham monochromator, corresponding to the maximum spiro-OMeTAD hole 

polaron yield. The probe beam was detected following transmission through the sample using 

a InGaAs photodiode (Hamatsu Photonics), amplified (Costronics Electronics) and collected 

in Labview via a digital oscilloscope (Tekronics DPO3012). Tas decays were fitted using a 

stretched exponential function: ΔOD = exp(-t/τ)a . The maximum yield of hole transfer (ΔODmax) 

(corresponding to the largest deviation in absorbance) was collected at t = 1 μs.
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Mass Spectrometry (MS) – MS was conducted following recrystillisation and purification of the 

metallocenium salts.  Direct analysis was performed using Waters LCT Premier TOF mass 

spectrometer. The mass spectrometer operated in positive electrospray ionisation (ESI) with 

full MS scan. The mass range was from m/z 100 to 2,000 with the following parameters: the 

source capillary was 2,500V, sample cone 35V, desolvation temperature 350 °C and source 

temperature 120 °C. The TOF was calibrated with sulfadimethoxine [M+H]+ with m/z value of 

311.0814 and leucine enkephalin [M+H]+, m/z value of 556.2771.

Matrix-Assisted Laser Desorption/Ionisation - was acquired in the 

Chemistry Mass Spectrometry Facility using a Shimadzu MALDI TOF. The instrument 

operated in positive linear mode using the mass range of 100-2000 m/z with 5 accumulated 

shots of 200Hz laser repetition rate. Sample was prepared using 2,5 α-Cyano-4-

hydroxycinnamic acid (CHCA) matrix. The laser wavelength was 355nm and the power 

between 40 and 50.

Cyclic Voltammetry (CV) – Cyclic Voltammetry was collected using a Gamry 1010E 

Potentiostat using a 50 mL glass/PTFE chamber with Luggin Capillary (Osilla). A three-

electrode configuration of a platinum (Φ = 2 mm) (work), platinum wire (counter) and 

silver/silver nitrate (0.1 M in ACN) was used.  2 mM of sample was dissolved in 50 mL of 

acetonitrile electrolyte (0.1 M [NBu4PF6]) and degassed under N2 for 5 minutes.  Samples were 

swept in cycles at a scan rate of 100 mVs-1 unless specified. The potential was converted to 

a vacuum potential using the ionisation potential of Fc as 5.10 eV, as per previous literature. 

Powder X-ray Diffraction (XRD) – Powder X-ray diffraction was measured using a Agilent 

Xcalibur 3E diffractometer, further experimental details are provided in the Supplementary 

Materials.  Details of SCXRD are provided in the SI.

Density Functional Theory (DFT) – All geometries were optimised using density functional 

theory with a CAM-B3LYP functional with Grimme’s empirical dispersion correction (GD3).61,62 

A 6-31G(d,p) basis set was used for all atoms in all calculations. Gibbs free energy of reaction 

1 was calculated using:

                            𝐹𝑐+𝑌― +𝑠𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷→𝐹𝑐 +  𝑠𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷+𝑌―                        (1)

∆𝐺𝑟(𝐸𝑞.1) = ∆𝐺 𝑠𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷+𝑌― + ∆𝐺(𝐹𝑐) ― [∆𝐺(𝑆𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷) + ∆𝐺(𝐹𝑐+𝑌―)]
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To calculate the ionic binding energy between the spiro-OMeTAD+• the following method was 

used:

∆𝐺𝑟 𝑠𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷+𝑌―

= ∆𝐺 𝑠𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷+𝑌― ― [∆𝐺 𝑆𝑝𝑖𝑟𝑜 ― 𝑂𝑀𝑒𝑇𝐴𝐷+ + ∆𝐺(𝑌―)]

For the bulk MAPbI3 structure, ab-initio calculations were performed using a plane-

wave/pseudopotential DFT approach as implemented in the Vienna Ab-initio Simulation 

Package (VASP), with valence electron configurations explicitly defined as: 1s1 (H), 2s22p2 

(C), 2s22p3 (N), 2s22p4 (O), 3s23p63d74s1 (Fe), 5s25p5 (I), and 5d106s26p2 (Pb). The generalized 

gradient approximation (GGA) exchange-correlation functionals of Perdew Burke-Ernzerhof 

(PBE) was used. The Gimme’s DFT-D3 dispersion correction term was added to all of our 

total energy calculations (apart from the validation simulations using r2SCAN and spin-orbital 

coupling). A kinetic energy cut-off of 520 eV and a gaussian smearing of 0.01 were 

implemented for the self-consistent field (SCF) method calculations, with a convergence 

criterion of 1x10-6 eV. Spin-polarization was considered due to the presence of iron atom. For 

geometry optimizations, a k-point grid of 4x4x4 was used for bulk system (1x1x1 for surface 

slab). For electronic structure calculations, a finer 6x6x6 k-point grid was used for bulk system 

(2x2x1 for surface slabs). To obtain an accurate bulk tetragonal-phase MAPbI₃ structure, a 

2×2×2 supercell of MAPbI₃ structure with random orientations of MA cations was generated 

using ab initio molecular dynamics (AIMD) with an on-the-fly machine-learning interatomic 

potential under NVT ensemble conditions at 300 K in VASP. The final configuration was fully 

relaxed from the dynamic structure and selected based on agreement with experimentally 

reported values for lattice constants (𝑎 = 𝑏 = 8.76 Å, 𝑐 = 12.71 Å), mean Pb-I bond length 

(3.19 Å), and band gap energy (1.57 eV). The structural relaxation was terminated when all 

forces relaxed smaller than 1x10-2. Such methods have been used successfully in recent 

related studies of perovskite halides.63–65

Our PbI2-terminated (001) surface slab was constructed from the fully optimized 2x2x2 

tetragonal-MAPbI3 supercell. A 2x2x3 slab structure was constructed with a vacuum region of 

20 Å on top to avoid any spurious interactions between the periodic images. Starting from the 

DFT-optimized molecule-surface structure, AIMD simulations were carried out at 300 K for at 

least 10 ps under the NVT ensemble. To accurately describe the C-H and N-H vibrations, a 

time step of 0.5 fs was employed. To reduce the computational cost at each step, a reduced 

SCF convergence criterion of 1x10-4 eV and a Gaussian smearing width of 0.05 were used in 

the electronic calculations. Dipole moment correction was applied on both energies and forces 

for all surface simulations, with the dipole centre set at the midpoint of the slab. The binding 

energies were calculated as: 𝐸𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑆+𝑀
𝑇𝑜𝑡 ― 𝐸𝑆

𝑇𝑜𝑡 ― 𝐸𝑀
𝑇𝑜𝑡, where 𝐸𝑆+𝑀

𝑇𝑜𝑡 , 𝐸𝑆
𝑇𝑜𝑡, and 𝐸𝑀

𝑇𝑜𝑡 are 
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the total energies of surface-molecule, surface-only, and molecule-only in the same simulation 

box respectively. The ferrocene-surface hybridized states also appeared using meta-GGA 

level functional r2SCAN and spin-orbital coupling, suggesting the hybridized states are not 

artefacts from GGA-level functional.
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Data Availability

Datasets are available from the corresponding author upon reasonable request. 
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