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ABSTRACT: The localization of photogenerated electrons in photovoltaic and photocatalytic 

materials is crucial for reducing the electron-hole recombination rate. Here, the photogenerated 

electron localization is systematically investigated on the CH3NH3PbI3 (MAPbI3) perovskite using 

first-principles calculations. It is found that under vacuum conditions, the photogenerated electron 

is delocalized in the MAPbI3 bulk as well as on the stochiometric MAPbI3(001) surface with the 

CH3NH3I (MAI) termination, while it is trapped on the defect-free PbI2-terminated surface. Our 

ab-initio molecular dynamics simulations reveal that the introduction of solutions will prompt the 

formation of localized electronic states. The photogenerated electron is discovered to be localized 

on both the MAI and PbI2 terminated surfaces in the presence of solutions with different 
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concentrations HI from the pure water to the saturated solution. We demonstrate that the Pb-I bond 

weakening or breaking resulting in an unsaturated coordination of a Pb site is the prerequisite to 

trap the photogenerated electron. 

TOC GRAPHICS 

 

 

Hybrid organic−inorganic perovskite solar cells have been recognized as a new generation of 

highly promising materials for photovoltaic applications1-3. Emerging as a light harvester in the 

dye-sensitized solar cells, it shows ever-promising power conversion efficiency (PCE) growing 

from 3.8 % to 25.2% in recent years4-9. As one of the typical metal-halide perovskites, the MAPbI3 

perovskite has attracted great attention due to its excellent properties, such as a strong 

photoabsorption coefficient10, an optimal band gap11, a high charge-carrier mobility12, a long 

carrier diffusion length13-14, and a weak exciton binding energy15. Recently, it was also discovered 

that the MAPbI3 perovskites also show extraordinary performances on several photocatalytic 

reactions, such as hydrogen evolution reaction16-18 and carbon dioxide reduction19-21.  

However, the understanding of the high photovoltaic efficiency and the high photocatalytic 

performance of MAPbI3 perovskites falls much short of expectation. Recently, strong evidence 

that the charge localization is key in photocatalytic/photovoltaic systems has emerged in the 
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literature22-24. Our group previously investigated the oxygen evolution reaction (OER) in the TiO2 

system and found that the concentration of the photogenerated hole (Ch+) dramatically affects the 

activity of OER. The low concentration of photogenerated holes Ch+ was the main obstacle to the 

low photocatalytic OER efficiency in TiO2
24-25. Consequently, one can suggest that the high 

photocatalytic and high photovoltaic performance of MAPbI3 perovskites may be attributed to 

their low electron-hole recombination rate and long excited-state lifetime26. Long, Prezhdo and 

co-workers reported that the charge recombination was sensitive to the grain boundaries and 

dopants, and the grain boundaries significantly enhanced the electron-hole coupling27-28. They also 

revealed that the localization of the electronic states can decrease electron-hole interactions and 

prolong the excited-state lifetime29. Specifically, the overlap between the localized electrons and 

holes may be smaller than that of delocalized states, thus reducing the electron-hole interaction, 

and the weaker electron-hole coupling would lead to slower nonradiative recombination. This 

means that the localization of the photogenerated electrons/holes would enhance the photocatalytic 

and photovoltaic efficiency; a good separation of the photogenerated electrons and holes is very 

desirable30-32. However, how charges are localized in the system of MAPbI3 perovskites need to 

be further investigated. 

Regarding the hole localization or hole-trapping, in our previous work, we discovered that an I 

dimer can catch a photogenerated hole both in the bulk33 and on surfaces of MAPbI3 perovskite34. 

Janáky and co-workers observed holes trapped at the iodide site, following by the iodide gradually 

expelled from the mix halide film as the iodine and/or triiodide ion35. With respect to the 

localization of photogenerated electrons, recent studies have shown that defects in the perovskites 

can help trapping electrons. Uratani et al. reported evidence of the presence of surface defects 

leading to trapping electrons36. The halide vacancy is one of the most common defects and several 
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studies revealed that the iodine and bromine vacancies resulted in the formation of charge 

trapping37-41.  

Despite of these progresses, the localization of the photogenerated electrons without defects 

remains elusive. For an excellent photovoltaic-photocatalytic material, a fast charge migration in 

the material is essential in addition to the good electron-hole separation and the charge localization. 

If the localized electron is always associated with a defect or defects, the electron may be trapped 

too deeply and thus the migration of the trapped electron will be limited because the defect 

diffusion is usually not easy. Consequently, the trapped electron might stay with the defect and 

might not be readily accessed by photovoltaic-photocatalytic applications. In addition, the 

humidity effect, i.e. the presence of water molecules42-44, on the performance of MAPbI3 

perovskite is a hotly debated topic. One school of thought was that the performance of perovskite 

solar cells degrades under humid conditions45-46, and the other reported that the moisture 

environments increase their performances26, 47. Therefore, it is necessary to answer the following 

questions: (i) Can the electron be trapped on the MAPbI3 perovskite without defects? (ii) How 

would different terminated surfaces of the MAPbI3 perovskite affect the localization of the 

photogenerated electron? (iii) Considering some photocatalytic reactions of the MAPbI3 occurred 

in the aqueous solution as well as the humidity effect on their performances, what influence would 

the solution, or environmental molecules in general, bring to the electron trapping?  

In this work, we investigate the electronic properties of bulk of MAPbI3, MAI and PbI2 

terminated surfaces without defects using density functional theory (DFT) calculations. We find 

that in a vacuum condition, the electron is delocalized in the bulk as well as on the MAI terminated 

surface, while an electron-trapped state on the PbI2 terminated surface without defects can be 

located. Our ab-initio molecular dynamics (AIMD) simulations show that in the presence of a 
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liquid phase, both the terminated surfaces can trap the electrons. The origin of the localized 

electronic state is identified, and the understanding and implications of these results are discussed. 

We began by investigating the possibility of the localized electronic state in the bulk of MAPbI3. 

To identify the trapped electronic state, it is crucial to create a slight structural perturbation to 

break the symmetry of the structure and then fully relax the structure so as to prompt the electron 

localization, an effective approach used in our previous work24, 33. The optimized structures of the 

neutral bulk and the bulk with an extra electron are shown in Figure 1(a) and (b), respectively. 

With no surprise, the electron is found to be delocalized in the bulk with the spin charges mainly 

distributed among the Pb atoms. As expected, the introduction of the extra electron indeed results 

in a slight change of the structure. The average Pb-I bond length of the bulk of MAPbI3 changes 

from 3.16 Å to 3.21 Å, indicating a structural distortion. However, this structure distortion is still 

not enough for the electron localization (see more discussion below). The DOS calculations also 

show clearly that no polaron peak exists between the valence band maximum (VBM) and the 

conduction band minimum (CBM) (Figure S1), indicating the absence of electron localization.  
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Figure 1. Geometric structures and spin densities of the cubic phase unit cell ((a), (b)), the MAI-

terminated surface ((c), (d)), and the PbI2-terminated surface ((e), (f)). The systems of (a), (c) and 

(e) are neutral, while those of (b), (d) and (f) have an extra electron in each unit. The iso-value is 

0.005 e/Å3 for (b), 0.0005 e/Å3 for (d), and 0.001 e/Å3 for (f). Black: Pb; purple: I; white: H; 

brown: C; silver: N. This color scheme is used throughout the paper. The characteristic distance is 

marked by the dash line with its value beside. 



 7

 

To further explore the reason of the high photocatalytic/photovoltaic efficiency of MAPbI3, the 

localization of an extra electron on the MAPbI3(001) surface was systematically investigated. It 

has two possible terminations, i.e. MAI-terminated and PbI2-terminated surfaces, as shown in 

Figure 1. Our calculations show, interestingly, that the excess electron can be trapped on the PbI2 

terminated surface (Figure 1(f)) with an energy gain of 0.35 eV compared to the delocalized 

electronic state. In other words, on the defect-free PbI2 terminated surface, the electron localization 

is energetically more favored than the electron delocalization. In contrast, the electron is found to 

be delocalized on the MAI terminated surface (Figure 1(d)). Furthermore, the characteristic 

distance, which is defined as the bond length between the Pb atom in the first PbI2 layer and the I 

atom below (marked in Figure 1), remains the same on the MAI terminated surface, while it is 

changed from 3.37 Å to 3.98 Å on the PbI2 terminated surface after adding an extra electron. The 

DOS calculations also reveal that there is a polaron peak in the band gap on the PbI2 terminated 

surface (Figure 2(a)). Specifically, the projected density of states (PDOS) demonstrate that the 

electron is mainly trapped on the p orbitals of the Pb atom (Figure S2). These results imply that 

the Pb atom is activated after the localization of the electron. In contrast, in the MAI termination, 

although the Fermi level is shifted due to the introduction of the electron, there is no polaron peak 

in the band gap (Figure 2(b)), indicating the delocalization of the electron in the system. This 

means that the MAI terminated surface is unable to trap the electron without help of environmental 

molecules, which is discussed later. 
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Figure 2. Density of states of (a) the PbI2-terminated surface from electron localized calculations 

with SOC, and (b) the electron delocalized MAI-terminated surface with SOC, with the insert of 

the side view of the optimal structure. The Fermi level is set at 0 eV. 

 

Considering that many photocatalytic reactions occur between the solid-liquid interphase16, 20, 

48, long AIMD simulations49-51 were carried out to investigate both the MAI and PbI2 terminated 

surfaces in the presence of HI solutions of varying concentrations. We find that all the surfaces 

were largely distorted due to the interactions between the surfaces and the solutions (Figure 3). 

Analyses of the average characteristic distances (average distance of four characteristic Pb-I 

bonds) from the whole AIMD simulations disclose remarkable differences on the two terminated 
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surfaces in a vacuum and in solutions. The average characteristic distances of MAI and PbI2 

terminations in a vacuum are 3.45 Å and 3.37 Å, respectively (Figure 1). However, the average 

characteristic distances of both terminations in the presence of the liquid phase (Table 1) are 

obviously longer than those in a vacuum. The average characteristic distance of MAI termination 

in the pure water is 3.96 Å, which is 0.2 - 0.3 Å longer than those in the HI solutions. As for the 

PbI2 termination, the average characteristic distance is 4.00 Å in pure water, but with distances of 

3.70, 3.71 and 3.77 Å in the HI solutions with the concentrations of 1.05 mol/L, 2.10 mol/L and 

3.15 mol/L, respectively, similar to the trend observed from the MAI terminated surface. These 

results are consistent with the experimental observation that the MAPbI3 perovskite is readily 

dissolved in the water, and yet the high concentration of aqueous HI solution can prevent the 

decomposition of the MAPbI3 perovskite16, 52. The minimum concentration of the HI solution to 

keep MAPbI3 solid is 3.162 mol/L in the previous experiment16. Interestingly, in our calculations, 

even in low concentrations of HI solution with only one HI molecule in the aqueous phase per unit 

cell (1.05 mol/L), the surface apparently becomes more stable than in the pure water. This result 

underpins the importance of the HI solution introduced for the stability of MAPbI3 perovskite.  

Table 1. Average distance between the Pb on the first layer PbI2 and I below the first layer PbI2. 

The unit of the concentrations is mol/L and the unit of the average distances is Å. 

Concentration 
Average distance 

MAI-terminated PbI2-terminated 

0 3.96 4.00 

1.05 3.67 3.70 

2.10 3.77 3.71 

3.15 3.78 3.77 
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Having revealed the surface structure changes in the presence of HI solutions, it is worth 

discussing what effects they would cause on the electron localization. It is surprising to observe 

that not only the PbI2 terminated surface, but also the MAI terminated surface can localize the 

electron in the presence of the liquid phase. As illustrated in Figure 3, whether in the pure water 

or in the HI solutions, the electron can always be trapped on a Pb site on the MAPbI3(001) surfaces. 

The Bader charge differences of these electron-trapped Pb atoms are over 0.90 |e|, indicating that 

the excess charges are mainly localized on the Pb atom on the top layer of the surfaces. Moreover, 

by examining a number of snapshots in each AIMD simulations, we found that once the electron 

is trapped in the system, it will not be delocalized, indicating a good stability of the trapped state. 

It is worth emphasizing here that on the MAI terminated surface, the electron is delocalized in a 

vacuum, but it is localized in the presence of aqueous solutions. In addition, the local iodide ion 

diffusion was observed due to the surface structure distorted by the solutions. It was also 

discovered that the electron localization of the system would enhance the iodide ion migration, 

which was also observed in the previous works53-54. 
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Figure 3. Geometric structures and spin densities of (a-c) MAI-terminated surfaces and (d-f) PbI2-

terminated surfaces in pure water ((a), (d)), 1.05 mol/L ((b), (e)), and 2.10 mol/L ((c), (f)) HI 

solutions with an extra electron. The iso-value is 0.001 e/Å3. The Bader charge difference is 

illustrated in each structure. 

In the real experimental condition, K+ ions are present in the liquid phase. In some theoretical 

work, the system with an excess electron was simulated by adding a K atom in the water phase55, 

in which the K atom becomes K+ by losing an electron, resulting in an extra electron on the surface. 

In order to examine if the localized electronic state would be affected by different methods, we 
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added a K atom in our simulations. To be consistent with the experimental concentration of HI 

solution, 3.15 mol/L was chosen to be studied for the solid-liquid interface (Figure 4(a-d))16. 

Taking the PbI2 terminated surface in the presence of HI solution with a K atom added (Figure 

4(d)) as an example, we performed the following AIMD simulations. Firstly, the AIMD simulation 

was carried out, in which the liquid phase was relaxed with the surface slab fixed, until it reached 

the equilibrium plateau (~20 ps). Then, the system was fully relaxed except the bottom layer of 

the slab remaining being fixed. An additional AIMD simulation over 14 ps was performed; the 

system becomes thermodynamically stable after ~4 ps, and a further 10 ps AIMD simulation was 

conducted. One of the results from the simulation is shown in Figure 4(e) (more AIMD simulation 

results can be found in the Supporting Information). We notice that introducing the K atom would 

not affect the localization of the electronic states: The Bader charge differences of the Pb atoms 

with the localized electrons in the systems by adding K and adding an extra electron are almost 

the same, which are 0.94 and 0.92 |e| on the MAI terminated surface and 0.91 and 0.85 |e| on the 

PbI2 terminated surface, respectively. This indicates that the feature of electron localization in the 

systems is independent of simulation methods.  
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Figure 4. Geometric structures and spin densities of (a)(b) MAI-terminated surfaces and (c)(d) 

PbI2-terminated surfaces in 3.15 mol/L HI solution with an extra electron ((a), (c)) and a K atom 

((b), (d)). The K atom is green. The iso-value is 0.001 e/Å3. (e) Illustration of the energies of the 

system in (d) as a function of simulation time from an AIMD calculation as an example, while 

others are provided in the Supporting Information. The equilibration in AIMD occurs after ∼4 ps 

as indicated by the arrow. The Bader charge difference is illustrated in each structure. 

It is worth discussing the general trends of charge-localized structures. Comparing all the results 

presented here with the electron- and hole-localized structures in the other systems24, 38, 56, we find 

that most of the charge-localized structures possess a feature of either a longer bond length or a 

broken bond (e.g. a Pb-I or Ti-O bond), at the metal site of which the electron is localized. In the 

bulk, the Pb atom bonds with six I atoms, creating an octahedron. Due to the stable Pb-I ligand in 

the bulk, it is difficult to trap an electron. In a vacuum, these two terminated surfaces display 

different Pb coordination; in the PbI2 termination the penta-coordination of the electron-trapped 

Pb atom is unsaturated, whereas in the MAI termination, the coordination of Pb is saturated with 

each Pb atom coordinating with six I atoms. It is difficult to dissociate the Pb-I bond, forming a 

free iodide in a vacuum. Therefore, it is impossible for the electron to be trapped on the MAI-

terminated surface in the absence of a liquid phase or adsorbates.  

In the presence of the liquid phase, not only on the PbI2 terminated surface but also the MAI 

terminated surface, the electron can be trapped. In contrast to the other Pb atoms that does not trap 

the electron in the MAI termination, the Pb atom with localized electron is not fully coordinated, 

which is featured by either the Pb-I bond weakening or breaking. Our AIMD simulations show 

that in the systems with the MAI termination in the liquid phase, the Pb-I bond breaking apparently 

occurs between the electron-trapped Pb atom and the I atom above it. Interestingly, in the PbI2 
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terminated systems with the exception of the Pb atom with the localized electron, the other Pb 

atoms on the first layer are coordinated by one or two water molecules each. In other words, the 

other Pb atoms are in coordination with H2O, while the Pb with a localized electron becomes inert 

for coordinating H2O in the aqueous phase on the PbI2 terminated surface. This further indicates 

that the electron can only be trapped on the unsaturated Pb atom. The I ion from the weakened Pb-

I bond is precisely located at the interface between the MAI-terminated surface and the liquid 

phase, which enables it easily to bond with the water and form a hydrate iodide ion. The electron 

localization and the Pb-I bond breaking may occur in a concerted manner in real systems. This 

further indicates that the solutions or moisture would also promote the electron localization by 

distorting the surface, which may be a prerequisite to enhance the photocatalysis. 

By examining all the structures from the AIMD simulations, we find that there may exist an 

intermediate surface, which is neither the MAI terminated surface nor the PbI2 terminated one, 

shown in Figure S3. The MAI terminated surface can trap the electron after the coordinated I atom 

moves away in the presence of a solution. In an extreme scenario with four I atoms on the top layer 

removed, the MAI terminated surface will be transformed to a PbI2 termination-like surface, on 

which a MA+ cation layer remains, being exposed above the PbI2 layer (Figure S3). This is an 

intermediate surface structure between the MAI and PbI2 terminations. We find that this 

intermediate surface is also able to trap an extra electron; the electron localization on Pb atoms on 

the top layer of the surface is apparent, indicating that the MA+ cation will not affect the electron-

localized state. The apparently increased characteristic distances (Pb-I) are also observed in the 

system, as shown in Figure S3. This intermediate structure is unusual and to our knowledge, has 

not been reported before. It is worth stressing the importance of such a structure: Due to many 

photocatalytic reactions occurred in the liquid phase, the MA+ cations on the top layer, located at 
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the interface between the liquid phase that supplies the protons57 and the MAPbI3 surface that 

provides the electrons, may play a key role in transferring the electron and proton in some reaction 

mechanisms55. This intermediate structure may be an important topic to be studied in the future. 

Finally, it is worth mentioning the implications of our results. It is clear that the photogenerated 

electron localization is of great importance for the high efficiency of photovoltaic and 

photocatalytic materials39. However, it should also be noted that it is not desirable either if the 

electron is trapped in a local structure too deeply; the migration of the deeply trapped electron 

would be difficult. It is evident that defects can be local structures that trap the electrons26, 29. 

However, some defects, particularly the presence of several defects in a local area, may trap the 

electron too deeply. Thus, the delocalization of photogenerated electron and too deep electron 

trapping may be the two problems on the two sides of a volcano curve58-60, respectively. Ideally, 

the photogenerated electron should be localized, but not trapped too deeply. To this end, the 

structure of PbI2-terminated MAPbI3 surface without defects may be a perfect location for the 

electron-trapping. One could envisage that the photogenerated electrons may first all move to the 

surface and then migrate to the right sites for photovoltaic or photocatalytic processes. In addition, 

our work may provide some insight into the humidity issue in MAPbI3 perovskite systems. Some 

moistures may facilitate the electron trapping; on the other hand, too much water may dissolve 

MAPbI3, creating too many defects, which is not desirable either, as demonstrated in our work. 

In summary, we systematically investigated the localization of photo-generated electrons in the 

bulk of MAPbI3 and on the stochiometric MAPbI3(001) surfaces in a vacuum as well as in the 

presence of liquid phases, using high level first-principles calculations. We showed that the 

electron cannot be localized in the bulk of MAPbI3 but can be trapped on a defect-free 

MAPbI3(001) surface. Our work demonstrated that the electron localization always occurs in the 
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system with the Pb-I bond weakened or broken. For the bulk of MAPbI3 and the MAPbI3(001) 

surface in the MAI termination in a vacuum, the coordination number of Pb atom is fully saturated, 

resulting in the electron delocalization in the systems. In contrast, the Pb atom on the PbI2-

terminated surface lacks a ligand I atom, leading it more liable to trap the electron. The AIMD 

calculations illustrated that the presence of HI solutions with different concentrations will prompt 

the deformation of the MAPbI3(001) surfaces such that they can localize the electrons on both the 

MAI and PbI2 terminated surfaces. Furthermore, we observed an unusual intermediate surface 

structure between the MAI and PbI2 terminations, which may possess a high activity in 

photocatalytic reactions. 
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