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Abstract 

Halide ion mobility in metal halide perovskites remains an intriguing phenomenon, influencing their 

optical and photovoltaic properties. Selective injection of holes through electrochemical anodic bias 

has allowed us to probe the effect of hole trapping at iodide (0.9 V) and bromide (1.15 V) in mixed 

halide perovskite (CH3NH3PbBr1.5I1.5) films. Upon trapping holes at the iodide site, the iodide 

gradually gets expelled from the mixed halide film (as iodine and/or triiodide ion), leaving behind re-

formed CH3NH3PbBr3 domains. The weakening of the Pb–I bond following the hole trapping 

(oxidation of the iodide site) and its expulsion from the lattice in the form of iodine provided further 

insight into the photoinduced segregation of halide ions in mixed halide perovskite films. Transient 

absorption spectroscopy revealed that the iodide expulsion process leaves a defect-rich perovskite 

lattice behind as charge carrier recombination in the re-formed lattice is greatly accelerated. The 

selective mobility of iodide species provides insight into the photoinduced phase segregation and its 

implication in the stable operation of perovskite solar cells. 



 

Introduction 

 

The ability to tune the bandgap of mixed halide perovskites (MHPs) by controlling the halide 

composition generated a wave of interest toward studying their optical and photovoltaic 

properties.(1,2) Their potential application in tandem solar cells employing multilayered MHP films 

with a bandgap gradient is of particular interest.(3−6) Challenges, however, remain in their utilization 

in such photovoltaic devices.(7) The ease of exchange of halide ions between two perovskite layers 

with different halide composition(8−11) as well as photo-,(12−14) current-, or voltage-

induced(14−17) segregation burdens their utilization. For example, we have recently shown that the 

photoinduced segregation in mixed halide lead perovskite films leads to a drop in photovoltaic 

performance.(18) Strategies exist to mitigate the extent of segregation including varying crystallite 

domain size,(19−24) defect concentration,(12,13) nature of A-site cation in the 

ABX3 structure,(1,5,19,25,26) or charge carrier generation profile.(27−29) 

The photoinduced segregation in mixed halide films (e.g., MAPbBr1.5I1.5 where MA+ = CH3NH3
+) 

results in phase demixing, whereby iodide-rich and bromide-rich domains form during steady state 

illumination.(30,31) Interestingly, this phenomenon is reversible, as the original mixed halide 

composition is restored in the dark. Different models have been proposed to explain this behavior 

including defect-driven(26−28,32) and polaron-induced lattice strain driven(25,33,34) segregation of 

halide ions. There are two points that all these models have in common: the importance of the long 

charge carrier lifetime(35−37) and the migration of halide ions (which is even observable in pure 

MAPbI3 and MAPbBr3) through the dynamically changing perovskite structure.(38−40) 

In a photovoltaic cell, the charge carrier separation upon bandgap excitation leads to the transport of 

electrons and holes toward the collecting electrodes placed on the opposite sides of the cell. A 

significant fraction of these charge carriers undergo recombination as well as trapping at the various 

defect sites. In fact, we can show the consequences of charge carrier trapping through probing their 

recombination using time-resolved transient absorption(12,41) and emission 

spectroscopies.(11,21) While these techniques have provided some useful information on the defect 

sites and their role in dictating excited state dynamics, it is difficult to establish the contribution of 

electron- or hole-trapping selectively. 

In most studies, where the aim is to understand charge carrier dynamics, light excitation is solely 

responsible for charge carrier generation, which always results in a comparable density of electrons 

and holes. Recently, we have shown that the excited state dynamics of metal halide perovskite films 

can be probed through ultrafast spectroelectrochemistry.(42) This technique also provides us an 

opportunity to inject holes into perovskite films selectively, through applied anodic bias. We discuss 

here the effect of electrochemical hole injection into mixed halide lead perovskite films and the 

consequential effect of hole trapping by the halide ions in the structure. 
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Results and Discussion 

Selective Hole Injection via Electrochemistry 

On the basis of the electrochemical protocols outlined in our previous study(43) we recorded linear 

sweep voltammograms (LSVs) in 0.1 M Bu4NPF6 dichloromethane (DCM) electrolyte for various 

MHP films. The LSVs show a composition dependency in the position (and magnitude) of the distinct 

oxidation waves (Figure 1A, Figure S1, and Table S1). Considering the redox potential of halide 

oxidation in lead halides(43) and solution phase (i.e., bromide (+1.26 V) and iodide (+0.86 V) 

oxidation in this medium (Figure S2)), the more positive events on the LSV scans can be assigned to 

these reactions (Figure 1A and Figure S1). The MHP films are stable below these potentials, so the 

first two waves can be attributed to the electrochemistry of the intact MHP layers. These oxidation 

waves show a gradual shift to more positive potentials with increasing bromide content (Table S1), 

as one would expect from their increased stability in the series. We can attribute the oxidation wave 

in the region #1 to the trapping of holes and the subsequent movement of iodide ions in the lattice in 

these materials, as shown by electrochemical impedance spectroscopy (Figure S3). Note that these 

states barely exist in the case of MAPbBr3. The position of the #2 oxidation wave at higher potential 

matches the respective valence band edge position (Figure 1B) and corresponds to hole injection into 

the perovskite structure (i.e., to the valence band). From the magnitude of the current density related 

to process #1 it is apparent that all MHP phases show decreased trap state density compared to the 

pure MAPbI3 phase (Figure 1C). Notably, the rate (i.e., the current density) of process #2 peaks at 

approximately equimolar Br/I ratio (Figure 1C). 

 

Figure 1. (A) Linear sweep voltammograms of FTO/MAPbBrxI3–x films in 0.1 M Bu4NPF6/DCM 

electrolyte (5 mV s–1 sweep rate). (B) Band diagram of MAPbBr1.5I1.5 together with the peak onset of 

the observed Faradaic events. (C) Variation of the peak currents of the first two redox waves as a 

function of MHP composition, with solid lines to guide the eye. 

Selective Expulsion of Iodide from MAPbBr1.5I1.5 Films 

Spectroelectrochemistry was used to track the spectral changes following the hole injection into 

MAPbBr1.5I1.5 films. During the initial step of hole trapping no change of the spectral features was 

observed (region #1 in Figure 2A). As sufficient electrochemical driving force (with increased 

electrode potential) is reached to induce hole injection into the valence band of MAPbBr1.5I1.5 (region 

#2 in Figure 2A), we observe a decrease in the overall absorbance (Figure S4). Interestingly, this 

process is coupled with the monotonic shift of the absorption edge (i.e., bandgap) to shorter 

wavelengths. This irreversible shift in absorption edge suggests enrichment of the MHP phase with 

bromide-rich domains through the selective expulsion of iodide into the solution from the perovskite 

lattice. The higher affinity of Pb(II) to bromide as compared to iodide in the perovskite lattice is likely 

to be the reason for the enrichment of bromide-rich domains after the electrochemical hole 

injection.(12,44) 
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Figure 2. (A) Linear sweep voltammogram of a FTO/MAPbBr1.5I1.5 film in 0.1 M Bu4NPF6/DCM 

electrolyte (5 mV s–1 sweep rate) plotted together with the absorbance change at 470 nm. Region #1 

is where hole trapping occurs, and region #2 is where hole injection to the valence band occurs. (B) 

UV–vis spectra of FTO/MAPbBr1.5I1.5 films during potentiostatic treatment at 0.9 V vs Ag/AgCl. (C) 

XRD patterns of thick FTO/MAPbBrxI3–x electrodes before and after potentiostatic treatment at 0.9 

V vs Ag/AgCl in 0.1 M Bu4NPF6/DCM electrolyte. PC and C denote pseudocubic and cubic lattice, 

respectively. (D) Alteration of the optically active perovskite composition as a function of passed 

charge during potentiostatic treatment at 0.9 V vs Ag/AgCl. The photographs show the color change 

of the electrode at two stages of the potentiostatic treatment. The standard deviation was determined 

from measurements on three separate FTO/MAPbBr1.5I1.5 electrodes. 

Similar trends were revealed during potentiostatic experiments. At moderately positive potentials, 

where no Faradaic event occurs (i.e., 0.5 V and below), the UV–vis absorbance remains unaltered 

(Figure S5). However, when the applied potential was increased to 0.9 V vs Ag/AgCl, we observe a 

gradual decrease in absorbance, coupled with the shift in the absorption edge from 660 nm to 545 nm 

in 300 s. Thus, the shift in the bandgap to a higher energy region becomes evident as iodide was 

expelled from the perovskite lattice (Figure 2B). During the intermediate times, the absorbance onset 

becomes less sharp, as residual contribution from varying degree of mixed phases is seen during the 

expulsion process. Once iodide expulsion from the lattice is completed, the spectrum reflects the 

optical features of MAPbBr3. Further anodic polarization at this potential does not change the 

spectrum, confirming the stability of MAPbBr3 (as predicted from the LSV traces in Figure 1A). 

The effect of the iodide expulsion process on the crystal structure of the MHP films was monitored 

by X-ray diffraction (XRD) measurements (Figure 2C). A gradual shift of the MAPbBr1.5I1.5-related 

reflections was observed to higher 2theta values upon oxidation, which translates to the contraction 

of the pseudocubic perovskite crystal lattice. At an intermediate treatment time this results in the 

formation of MAPbBr2.6I0.4.(2) Closer inspection of the pattern reveals that an additional intermediate 

MHP phase is also present in the films (MAPbBr2.3I0.7). The presence of multiple perovskite phases 

is consistent with the less sharp nature of the absorption onset seen previously on the UV–vis spectra 

(Figure 2B). Interestingly, at the end of the potentiostatic treatment a slightly contracted 
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MAPbBr3 lattice was formed, which is possibly caused by the presence of defects in the re-formed 

crystal lattice. Reflections from both PbI2 and PbBr2 phases are also present in all cases (as also 

deduced from X-ray photoelectron spectroscopy, XPS), however only weakly. This signals that their 

formation is confined to the surface of the MHP films (or that their crystal domain size is rather small 

and not continuous) and the bulk of the material retains the perovskite crystal lattice. The XRD data 

strengthen the notion that the iodide expulsion process is accompanied by the dynamic re-formation 

of the perovskite lattice, and not just the destruction and ultimate dissolution of the material are 

achieved.(45) In situ Raman spectroelectrochemistry (Figures S6–S8) further confirmed the 

formation of iodide- and bromide-rich domains as the first step of the iodide expulsion process. As 

the applied electrochemical bias was increased (until the point where iodide migration starts in the 

films), a broad fluorescence signal was observed (Figure S7B). This can be attributed to the formation 

of domains capable of absorbing (and emitting) the exciting laser light (λ = 780 nm). 

To quantify the electrochemically induced iodide expulsion process, we determined the composition 

of the films from Tauc plots using the recorded UV–vis spectra and a previously obtained bandgap–

composition relationship (Figure S9). The Pb/halide composition of the film was found to be 

dependent on the net charge injected into the MAPbBr1.5I1.5 films (Figure 2D). To minimize the 

contribution of charging/discharging of the electrical double layer, a preconditioning step (at 0.5 V 

vs Ag/AgCl for 30 s, Figure S10) was employed, when calculating the charge during the potentiostatic 

treatment. The effect of electrochemical iodide expulsion was also visually observed, as the dark 

appearance of the MAPbBr1.5I1.5 films slowly changed, ultimately resulting in a yellow-colored 

bromide-rich film when the process was completed (Figure 2D). 

Morphological Changes 

With the expulsion of iodide upon hole injection, one would expect morphological changes associated 

with the spectral changes. Top-down SEM images were recorded to visualize these changes of the 

MAPbBr1.5I1.5 films (Figure 3). The alteration of the initially smooth surface to a rougher one was 

observed with increasing time of the electrochemical biasing. This process is accompanied by the 

formation of voids in the films. Both the size of the voids and their number increase with the injected 

charge into the MAPbBr1.5I1.5 film (31 ± 15 nm at 1.3 mC cm–2 and 116 ± 31 nm at 3.7 mC cm–

2 injected charge density). The voids in the film further confirm the loss of iodide as the crystal 

structure re-forms. The evolution of the morphology suggests that MAPbBr1.5I1.5 continuously 

undergoes structural changes, ultimately yielding the MAPbBr3 structure. 
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Figure 3. Top-down SEM images of FTO/MAPbBr1.5I1.5 films at different magnifications. (A, D) 

Pristine films, (B, E) films treated at 0.9 V vs Ag/AgCl for 30 s (until 1.3 mC cm–2 charge density 

was passed), (C, F) films treated at 0.9 V vs Ag/AgCl for 300 s (until 3.7 mC cm–2 charge density is 

passed). 

Compositional Analysis 

Since the electrode/electrolyte interface plays a pivotal role in the iodide expulsion process, XPS 

measurements were carried out to probe the alteration of the surface composition of the 

MAPbBr1.5I1.5 films during the potentiostatic treatment (Table S2). The surface of the 

MAPbBr1.5I1.5 film was enriched in iodide even before electrochemical treatment. In the intermediate 

step of the electrochemical treatment we continue to see this excess iodide that remains at the surface, 

but with a concomitant decrease in the bromide content. This is indicative of the 

MAPbBr1.5I1.5 surface becoming rich in PbI2. This trend signals that iodide constantly migrates to the 

surface of the film, before getting expelled to the solution. Bromide remains preferentially in the 

deeper regions of the film. As the electrochemical treatment process was completed, a decrease of 

PbI2 on the surface of the films was observed. The final depletion of iodide on the surface signals that 

the composition of the perovskite phase located on the surface is approaching that of pure 

MAPbBr3 as the electrochemical treatment progresses. 

Additionally, we tracked compositional changes of the bulk films by energy-dispersive X-ray 

spectroscopy (EDX) (Table S3) and that of the solution by inductively coupled plasma optical 

emission spectrometry (ICP-OES) (for Pb2+) and ion-chromatography (IC) (for Br– and I–) 

measurements (Table S4), at different stages of the electrochemical biasing. The analysis confirmed 

a greatly reduced iodide amount in the films, while the amount of lead and bromide remained 

unchanged. Notably, these measurements suggest that after the potentiostatic treatments there is still 

remnant iodide left in the films. A plausible explanation for this is the formation of a PbI2 intermediate 

during the expulsion process (see also additional absorbance at 450–500 nm in Figure 2B compared 

to Figure S6A). A detailed discussion on the cross-correlation of the determined compositions can be 

found in the SI. 

Excited State Dynamics 

We also probed the excited state behavior of MAPbBr1.5I1.5 films to see the effect of iodide expulsion 

on the charge carrier recombination dynamics. The transient absorption spectra of MHP films were 

recorded before and after electrochemical treatment (holding the electrode at +0.9 V vs Ag/AgCl), as 

well as for a pure MAPbBr3 film (Figure 4A). The intact MAPbBr1.5I1.5 films showed an intense 

bleach signal centered at 640 nm and recovered within 1.6 ns after excitation (Figure 4B). This 

transient behavior has been discussed in detail elsewhere.(12,41) After the electrochemical treatment, 

a blue-shifted ground state bleach was seen, in accordance with the expulsion of iodide from the 

perovskite lattice (Figure 4C). Specifically, the maximum of this bleach signal appears at shorter 

wavelengths (540 nm), which is close to the ground state bleach maximum (530 nm) of pure 

MAPbBr3 films (Figure 4A). Furthermore, the maximum intensity of the bleach signal of the MHP 

film after the electrochemical treatment is decreased in accordance with the decreased absorbance 

following the iodide expulsion. 
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Figure 4. Time-resolved transient absorption spectra recorded following 387 nm laser pulse 

excitation (4 μJ cm–2) of (A) pristine FTO/MAPbBr3 films, (B) pristine FTO/MAPbBr1.5I1.5 films, 

and (C) FTO/MAPbBr1.5I1.5 films after potentiostatic treatment at 0.9 V vs Ag/AgCl for 300 s under 

vacuum. (D) Recovery profiles of the perovskite films monitored at their ground state bleach maxima 

and the corresponding biexponential fits. 

Figure 4D compares the recovery kinetics of the bleach signal of MAPbBr1.5I1.5 films before and after 

electrochemical treatment and the pristine MAPbBr3 film. The charge carrier lifetime of the two 

untreated perovskite films are similar (571 ± 68 ps in MAPbBr3 and 381 ± 28 ps in untreated 

MAPbBr1.5I1.5). After the electrochemical treatment (following complete iodide expulsion from the 

MAPbBr1.5I1.5 film) the recovery becomes faster (16 ± 8 ps). As the iodide is expelled, we expect to 

see an increase in the number of defect sites. A significant change in the surface morphology seen on 

the SEM images further supports this notion. These defect sites are responsible for the observed 

enhancement in the recombination of charge carriers. 

Mechanistic Insights 

The results presented above highlight the effect of hole injection on the compositional, structural, and 

morphological features of MAPbBr1.5I1.5 films. However, the mechanism behind iodide expulsion 

remains an intriguing question. To elucidate the form in which iodide leaves the lattice (I– or I2), we 

recorded the UV–vis absorbance spectra of the electrolyte after various amounts of charge injection 

into the MAPbBr1.5I1.5 films. We found that the predominant species formed in the solution phase is 

I3
–, which points toward either the direct expulsion of I3

– from the layer or the parallel I– and 

I2 injection to the solution. In terms of the net redox reaction (eq 1), the trapping of two holes on the 

iodide sites of four perovskite units results in the formation of one I2 molecule. To check the validity 

of the proposed mechanism, we tracked the evolution of I3
– concentration in the electrolyte solution 

(Figure 5). A linear relationship was found between the number of injected holes and the amount of 

I3
– in the solution. Furthermore, the slope of the fitted line was 0.55 ± 0.02, which is in close 

agreement with the proposed reaction (i.e., 0.5 theoretical value, meaning a 10% deviation). 
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Figure 5. Dependence of the formed triiodide amount in the solution phase (0.1 M Bu4NPF6 in DCM) 

on the amount of injected charge to thick MAPbBr1.5I1.5 films. The films were subjected to 

potentiostatic treatment at 0.9 V vs Ag/AgCl, while the UV–vis absorbance of the electrolyte was 

measured. The triiodide concentration was determined from the absorption peak located at 364 nm. 

At the same time, during the re-formation of the structure after hole trapping and iodide oxidation, 

partial dissolution of the MAPbBr1.5I1.5 structure also occurs (eq 2), thus leaching I– ions into the 

solution, which can form the triiodide complex with I2. Note that without electrochemical bias the 

films are stable within the time frame of the experiments; therefore physical dissolution cannot 

account for the presence of I– ions in the solution. Overall, these three processes together can explain 

the absence of I2 species in the solution and the exclusive presence of I3
–. 

To gain further insight into the mechanistic features, we carried out first-principles calculations 

employing a hybrid DFT+SOC computational approach; see SI for details. We focus on the nature of 

hole traps in MAPbI3, MAPbBr3, and MAPbBrxI3–x. The defect chemistry of lead halide perovskites 

is dominated by lead vacancies (VPb) and interstitial halides (Xi, X = I, Br),(46,47) which are stable 

defects that can trap holes through the (−2/−) and (−/0) transitions, respectively, both in MAPbI3 and 

MAPbBr3 (see Figure 6A). Despite the apparently different nature, the two types of defects are quite 

similar, being related to the presence of undercoordinated iodine atoms in the lattice, either because 

of a lack of lead (VPb) or added halide (Xi). 
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Figure 6. (A) Structures and (B) transition energies of stable hole-trapping defects in MAPbI3, 

MAPbBr3, and MAPbBrxI3–x. The zero of the energy scale is set to the MAPbI3 VB maximum. 

In MAPbI3, the (−/0) transition of Ii, corresponding to hole trapping at negatively charged interstitial 

iodine (Ii
– → Ii

0), is calculated at 0.29 eV above the valence band (VB), similar to the (−2/−) transition 

of VPb, calculated at 0.13 eV. The calculated transition energies nicely match the energy difference 

measured by voltammetry for traps and VB oxidation in MAPbI3, 0.62 and 0.77 V vs Ag/AgCl, 

respectively; see Table S1 and Figure 1A. In MAPbBr3 a similar picture is predicted, although both 

transition levels are somehow shallower, consistent with the merging of the trap oxidation peaks into 

the signal of VB oxidation; see Table S1 and Figure 1A. Interestingly, in the case of MAPbBrxI3–x we 

predict substitution of interstitial iodide by bromide to be favored by 0.1 eV compared to substitution 

of lattice iodide. This behavior means that in the presence of interstitial iodide in MAPbI3 Br 

incorporation will preferentially lead to a mixed I/Br interstitial defect (Figure 6A, middle row), 

whose (−/0) transition energy level is calculated at 0.03 eV above the VB. Thus, while the VB edge 

becomes significantly more positive upon increasing Br incorporation into the lattice (0.77 → 1.15 V 

vs Ag/AgCl), oxidation of the trap states only slightly drifts toward more positive potentials, 

remaining always close to its value in MAPbI3 (0.62 → 0.67 V vs Ag/AgCl, see Table 

S1 and Figure 1A). The overall picture extracted from theory is thus fully consistent with the 

experimental results and suggests that the energetics of trap states are mainly contributed by iodine 

even in mixed I/Br perovskites, whereby the (−/0) transition of the mixed I/Br interstitial defect 

remains almost constant while the VB deepens (Figure 6B). 

Most notably, experiments clearly indicate that hole injection into the trap states is not sufficient to 

promote iodide expulsion from the lattice (see Figure 2A). Nevertheless, traps are filled at less 

positive potentials than the VB; thus they are filled before iodide expulsion is observed and likely 

contribute to this reaction. In particular, defects are known to promote ion migration in perovskites 

(and in general in ionic conductors), and significant ion migration has to take place upon hole 

injection to lead to iodide expulsion. Based on this analysis, a possible mechanism can be sketched 

as follows: 
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where Ii
–, Ii

0, and Ii
+ denote a negatively charged, a neutral, and a positively charged interstitial iodine, 

I– is a lattice iodide, and VI
+ is an iodine vacancy. 

Equations 3 and 4 correspond to the sequential hole injection into the traps and the VB. Under 

prolonged electrochemical bias, a hole is transferred from the VB to the filled trap, leading to 

oxidation of Ii
0 to Ii

+, eq 5. Ii
+ has a trimer structure(48) typical of I3

–. Equation 6 corresponds to the 

attack of Ii
+ to lattice iodide (I–) to generate molecular iodine (I2) and an iodine vacancy, VI

+. 

Alternatively, in eq 6a Ii
+ abstracts two iodine atoms from the lattice to exit in the form of I3

–. In eq 

6 I2 can be formed either in the bulk or at surfaces/grain boundaries. Molecular iodine is unstable in 

the lattice;(49) if formed in the bulk, I2 thus tends to migrate to the surface, where it can be easily 

https://pubs.acs.org/doi/full/10.1021/jacs.9b04568#eq3
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abstracted to the solution. The reaction in eq 6 is calculated to be energetically unfavorable by 0.39 

eV when Ii
+ and VI

+ are bulk defects and I2 is formed as a gas phase molecule (neglecting thermal 

corrections to enthalpy and entropy). I2 surface stabilization and its subsequent solvation with 

consequent energetic and entropic gain, however, provide energetically favorable pathways for iodide 

expulsion. 

Conclusions 

As noted earlier, the halide ions within the perovskite exhibit mobility with relatively low activation 

energy.(50) When subjected to steady state light irradiation, the single-anion-containing phases in 

mixed halides segregate. The diffusion length of the charge carriers is an important parameter that 

dictates the phase segregation in MHP films.(21) Cathode luminescence studies have shown that 

iodide ions selectively accumulate near the grain boundaries.(33) In contrast to photoirradiation 

(where equal amounts of electrons and holes are formed), we have employed selective injection of 

holes through electrochemical treatment to deconvolute the complex effect of different charge 

carriers. While in single-anion-containing perovskites hole injection causes the direct degradation of 

the structure, the situation is more complex for MHPs. The trapped holes at the iodide sites first cause 

the phase segregation and subsequently the disintegration of the crystal structure, through 

intermediate crystal phases (Scheme 1). The blue shift in the absorption feature is indicative of the 

loss of methylammonium ion as the accomplice of iodine (or triiodide) during their expulsion. 

Overall, the electrochemically induced phase segregation with ultimate expulsion of iodine provides 

new evidence of hole trapping as the driving force for the halide ion mobility. What is further 

important, simple electrochemical measurements can provide a new tool to assess the stability of 

different MHPs in a rapid way, thus avoiding the need of long-term initial testing during materials 

screening. 

 

Scheme 1. Illustration of the Structural Changes Induced by Hole Injection into the MHP Lattice 
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