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Abstract:

Methylammonium lead iodide perovskite (MAPDI3), as a new type of light absorber for
optoelectronic devices, has attracted much interest and served as foundation for new
device concepts. However, most studies to date are mainly focusing on the fabrication
of MAPbIs-based solar cells and photodetectors. Here we report a facile method to
prepare a large-scale MAPbIs photocatalyst through atmospheric pressure physical
vapor deposition. The photocurrent density of the MAPDI3 coated with an Au layer can
reach 30.8 and 85.5 pA/cm? in ethanol and H2SO4 electrolytes, respectively. Meanwhile,
the strong interaction between H20 orbitals and the conduction band of MAPDIs is
revealed by density functional theory calculations. Our study opens a new pathway for

the development of perovskite-based photo-electrochemical reaction systems.



1. Introduction

Searching for a new type of clean, renewable, cheap and safe energy source to partly
or completely replace fossil fuels and nuclear energy has been one of the most important
issues in modern society and will be for our future world. Recently, hydrogen,
potentially as a next-generation energy carrier, has received considerable attention
around the world. It has been revealed that using inexhaustible sunlight for
photocatalytic water splitting is a good method for hydrogen production. Therefore, one
key issue is to seek for potential materials to enhance the photo-electrochemical
reaction (PECR) during the process of water splitting. Up to now, TiO2 compounds are
mainly used for UV light absorption when serving as catalysts for PECR because of
their wide bandgap®. One purpose for seeking new type of photocatalysts with small
bandgap to absorb visible light is of great importance. Recently, hybrid organic-
inorganic perovskites in the formula of ABXs (A = CHsNHs*; B = Pb?* or Sn?*; and X
=CI7, I, and/or Br") have been intensively studied as high performance light absorbers
in thin-film solar cells for solar energy harvesting 22, Such light absorbers with small
bandgaps show potential applications for photocatalysis when using visible light (solar
energy) as renewable source. Thus, the preparation of large-scale and high-quality
perovskite thin films is of great interest. Over the past few years, significant efforts
have been employed to increase the grain size of lead halide perovskite for high
performance solar cells by solution process ¥ * or high-vacuum physical vapor
deposition (HVPVD) " 1516 method. It is reported that the tetragonal phase

methylammonium lead halide perovskites (MAPDI3s or CH3sNH3Pbls) are stable only at



specific I” and H* concentrations ([I'] < [H'],pH <-0.5,and —log[I'] <-0.4),and
the solar HI (hydrogen iodide) splitting efficiency of MAPDI3 could be as high as ~0.81%
when using Pt as a co-catalyst ’. Since then, little has been done in the field. Here we
demonstrate that MAPDI3 crystals can be controllably grown via atmospheric pressure
physical vapor deposition (APPVD), which is different from the previously reported
methods needing high vacuum level 15 16 18 Meanwhile, the APPVD deposited
MAPDI3 crystals covered by a gold (Au) film exhibited an enhanced PECR, offering a
new material platform for the fundamental investigation of the optical and
photocatalytic properties of perovskite-based system.
2. Results and discussion
2.1 Preparation and Characterizations of MAPDI3

Figure 1a shows the optical image of the Pbl2 crystals grown on FTO substrate.
Figures 1b and Figures S2a, b show the scanning electron microscopy (SEM)
photographs of the hexagonal-shaped Pbl2 microplates and some of them are stacked
on each other. Figure 1c shows the magnified TEM image of a Pbl2> micropate with an
edge length of ~300 nm. The top inset in Figure 1c presents the selected area electron
diffraction (SAED) pattern with a six-fold symmetry, revealing the high crystalline
quality of the Pbl2 with five distinguishing yellow arrows assigned to (01 1 0), (10
10),(1100),(1210)and (2 1 1 0) planes with lattice spacing of 0.40, 0.46,
0.38, 0.21 and 0.24 nm, respectively. The bottom inset in Figure 1c reveals the crystal
plane spacing of ~0.21 nm, which corresponds to the (1 2 1 0) crystal plane as

described previously. Three vibrational modes of E*2 (68 cm™), A1 (101 cm™) and A%



(138 cm™) can be observed in the Raman spectrum as shown in Figure 1d. The peak at
101 cm™ is assigned to the bending and stretching of Pb—I bonds, corresponding to the
diagnostic mode of the inorganic cages ?°. The PL position located at 512 nm (Figure
1e) is the characteristic of Pbl2 6. As for the XRD pattern of the Pbl. microplates as
shown in Figure 1f, the peaks at 20 = 12.6°, 25.5°, 38.5° and 52.3° correspond to the (0
06), (00 12), (0 018) and (0 0 24) planes of Pbl2 (ICDD-PDF: No0.73-1754), which
also reveal a preferred orientation along the (0 0 6) plane. From the above data, it can
be confirmed that the Pbl2 microplates were successfully prepared.

After that, the as-grown Pbl2 crystals were converted into perovskites by reacting with
gas-phase methylammonium halides (see Materials and Methods). The converting
reaction was carried out in a quartz tube at atmospheric pressure with argon as a
protective carrier gas. It should be noted that the conversion of Pblz into perovskite by
reacting with gas-phase methylammonium halides can prevent the chemical dissolution
of Pbl2 and perovskite, and even maintain their morphology and crystalline quality well

when compared to the reaction in organic solvents °.
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Fig. 1. Growth of large-area Pbl> microplates on FTO substrate. (a) Optical image of the Pbl; crystals.
(b) SEM images of the hexagonal Pbl, microplates. (c) TEM images of the Pbl, microplate. The insets
in (c) reveal the SAED pattern and HRTEM image of the Pbl, crystal. The HRTEM imaging indicates a
highly crystalline Pbl, with six-fold symmetric diffraction patterns from the SAED pattern. (d)-(f) Raman
spectrum, PL spectrum and XRD pattern of the Pbl, crystals, respectively.

Figure 2a illustrates the crystal structures of the Pbl. and MAPDI3. Hexagonal Pbl2
possesses a layered structure where each octahedron shares two equatorial halide atoms
and one axial halide atom with its neighbors. MAPbI3 exhibits a tetragonal structure,
and the octahedrons in MAPDI3 only share one halide atom with their neighbors in both
equatorial and axial directions'®. When the conversion proceeds, the methylammonium
group is surrounded by eight octahedrons and the equatorial halide atoms are relocated,
revealing the Pbl2 octahedrons are twisted to some extent 1>, Compared with Figure 1a,

the colour of the Pbl: crystals is changed from yellow to black (Figure 2b). Figure 2c



shows the SEM image of the as-prepared perovskite crystals. Many regular hexagonal
microplates can be observed (also in Figures S2c and d), revealing the morphologies of
the perovskite crystals remain unchanged after the conversion process. Although the
crystal structures of the Pbl2 and MAPDI3 are significantly different as shown in Figure
2a, their effective overall morphologies still remain the same to some extent. To further
confirm the structural properties of the as-prepared Pbl2 converted samples, we also

performed TEM, Raman and PL (photoluminescence) characterizations.
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Fig. 2. Conversion of Pblz microplates into perovskite crystals. (a) Schematic illustration of the lattice
structure changes from layered Pbl, to perovskite after the reaction with methylammonium iodide. (b)
Optical images of the perovskite on FTO. (c) SEM image of the perovskite microplates. (d)-(e) TEM and
HRTEM images of the studied perovskite microplates. (f) SAED pattern of the perovskite microplates.

(9)-(i) Raman spectrum, PL spectrum and XRD pattern of the perovskite microplates, respectively.

Figure 2d shows a TEM image of a hexagonal perovskite microplate with a size of



~2.5 um. Figure 2e shows the HRTEM image of the perovskite, the crystal plane
spacing of the sample is ~0.36 nm, which corresponds to (2 2 0) crystal plane. Figure
2f shows the SAED pattern of the perovskite with five distinguishing yellow arrows
assigned to the (2 00), (22 0), (1 1 0), (02 0) and (-2 0 0) planes with lattice spacing
of 0.44, 0.36, 0.70, 0.60 and 0.44 nm, respectively. Three vibrational modes of E*> (69
cm?), Ay (104 cm™) and A%1 (140 cm™) can also be found in Figure 2g. The peak at
104 cm™is also assigned to the bending and stretching of Pb—I bonds, but the broad
unstructured 200-300 cm!feature is assigned to the torsional mode of
methylammonium cations 2’. The PL peak position located at ~765 nm (Figure 2h) is
assigned to the perovskite . In terms of the XRD pattern as shown in Figure 2i, the
peaks at 20 = 14.1°, 28.4°, 31.9° and 43.1° correspond to the (1 1 0), (22 0), (31 0)
and (3 3 0) planes of tetragonal MAPbIs[2°1 with a preferred orientation along the (110)
plane, which are in good agreement with the reported results ?8. Fig S3 shows the XRD
pattern of the perovskite microplates prepared with different conversion times. At the
perovskite conversion stage of 6h, the peaks of the Pbl2 microplates showed a similar
pattern with the one at the initial stage. The corresponding peaks of 20 = 12.6° and 14.1°
can be found, revealing the coexistence of Pbl2 and MAPbIs. When the conversion
proceeds with another 4h (with a total conversion time of 10h at this work), the Pbl2
crystals are mostly converted into MAPbIs, giving feature peaks similar to those ones
as shown in Figure 2i.

In addition, we also measured the thickness of the as-prepared perovskite crystals

through AFM (atomic force microscopy). Figure S4 reveals the thickness distribution



of the perovskite crystals after measuring 50 crystals. The thicknesses of the perovskite
crystals are ranging from 11 nm to 220 nm, the most frequent thicknesses are between
50 and 90 nm. The average thickness of the perovskite microplates is estimated to be
~80 nm.

2.2 Photo-electrochemical reaction of MAPDI3

In a typical PECR system, the photocurrent density is a crucial factor to evaluate the
generation of electrons under light irradiation and they have a positive correlation. Here
we performed the photocurrent measurements of the samples in ethanol under
illumination with a Xe lamp with a cut-off filter (A > 420 nm). The working system for
detecting the photo-electrochemical activity of MAPDIs is shown in Figure 3a. Figures
3b and ¢ show the photocurrent density of the MAPbIsz and MAPbIs/Au samples as a
function of the growth time of Pbl2. It can be found the photocurrent density of MAPbI3
and MAPbIs/Au is remarkably increased when the growth time of the Pbl2 samples are
increased from 5 h to 20 h and the highest photocurrent density for MAPbIs and
MAPbIz/Au can be up to ~ 17.8 pA/cm? and ~30.8 pA/cm? respectively with an applied
voltage of -0.5 V. This result indicates that the growth time of the Pbl2 plays a key role
in the grain growth and film formation of the MAPbI3 and it even determines the light
absorption performance and photoexcited electron generation of the MAPbDIs
photocatalyst. Namely, the longer the growth time of the Pblz, the higher photocurrent
we got in the MAPbIs system. As shown in Figures 3d and e, the MAPDbIs/Au presents
a higher photocurrent when compared with the Pbl2 and the bare MAPDbIs. The

photocurrents are independent of the applied voltage, which means the MAPbIs/Au
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system revealing better photo-electrochemical performance in ethanol. On the basis of
the further results of the UV-vis spectrophotometer measurement as shown in Figure
S5a-c, it can be attributed to the fact that the light absorption of the MAPbI3 is broader
than that of the Pbl2, which means more generation of electrons on the conduction band
of MAPDIs. This is also contributed to the highest photocurrent obtained in the
MAPDI3/Au system due to the enhancement of light absorption by the Au film (Figure
S5a-c). By comparing the PL decay lifetime of the MAPDbIs with the MAPDbIs/Au, the
average carrier lifetime in the MAPDbIs/Au system is only 29 ns, which is remarkably
smaller than that of the MAPDIs (as high as ~237.9 ns, see Figures S5b & c), revealing
the enhancement of carrier recombination at the Au interface of MAPDbIs. Namely, the
MAPDIs/Au is boosting the light harvest. Meanwhile, the lower lifetime in the
MAPbIs/Au also reveals more photo-induced electrons making great contributions to

the PECR.
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Figure 3. (a) Schematic illustration of the photocatalytic system. W, S and C represent the working,
standard and counter electrodes, respectively. (b)-(c) MAPbI; and MAPbIs/Au with different growth
times at an applied voltage of -0.5 V vs. RHE at 100 mW cm? in ethanol. (d)-(e) Pbl,, MAPbI;z and

MAPbIs/Au at an applied voltage of 0 V and -0.5 vs. RHE at 100 mW ¢m? in ethanol.
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Figure 4. (a) Amperometric I-t curve of the Pbl,, CH3NH3sPbl; and CH3NHsPbls/Au with different
growth times at an applied voltage of 0 V vs. RHE at 100 mW cm? in ethanol. (b) Amperometric I-t
curve of CH3NH3Pbls/Au at an applied voltage of -0.5 V vs. RHE at 100 mW cm? in ethanol, ethanol/H,0
solution and ethanol/H,SO. solution. (c) Schematic illustration of the visible-light excited charge-
transferred process for FTO/MAPbIs/Au; here CB = Conduction band, VB = Valence band. -4.7eV and
-5.1eV represent the Fermi level of FTO and Au, respectively.

In addition, we also collect the photocurrent density of the Pblz, MAPDI3 and
MAPDI3/Au prepared at different growth times (Figure 4a), which further confirms the
results in Figure 3. In order to evaluate the PECR on the MAPDI3s/Au, the photocurrent
density measurements were carried out in ethanol, ethanol/H20 solution and

ethanol/H20/H2S04 solution (Figure 4b). As shown in Figure 3, the photocurrent
13



density of the MAPDbIs/Au was stable but low (~7.4 nA/cm?) in ethanol and ethanol/H20
solution (volume ratio of 100:5). This is owing to the low conductivity and proton
concentration of ethanol and ethanol solution. When ethanol and ethanol/H20 solution
were replaced by ethanol/H20/H2SQO4 solution with a volume ratio of 100: 5:1, a
remarkable increase (nearly 10 times to ~85.5 pA/cm?) in photocurrent density was
obtained (Figure 4b). This indicates that H2SO4 plays an important role in improving
the conductivity and supporting the protons of the electrolyte *°. On the other hand, a
slight decrease in the photocurrent of the MAPDbIs/Au is obtained in the sequence runs,
which could be attribute to the degradation of the sample. Thus, protective engineering
should be developed to improve the stability of the MAPDbIs/Au in ethanol/H20/H2S04
solution. Based on the above results, the MAPDbIs/Au a promising platform for
enhancing solar hydrogen evolution.

The mechanism of the PECR on MAPbIs/Au is proposed as shown in Figure 4c. When
the MAPDIs/Au film is irradiated with visible light, electrons (e”) in the valence band
(VB) were excited and transferred to the conduction band (CB) of MAPDIs, leaving
holes (h*) in the VB. Then, driven by the potential differences between the CB of the
MAPDI3 (-3.9 eV vs AVS) and the work function of Au (-5.1 eV vs AVS), the
photogenerated electrons on the CB of MAPDI3 transferred to the surface of Au in
which Hz generation take place. The holes transferred from the MAPDI3 to the counter
electrode.

2.3 Theoretical calculations

The electrical interaction between H20 and perovskite surfaces is of great importance

14



in photocatalysed H20 splitting reactions. Therefore, it is necessary to unveil the
surface interaction between H20 and MAPDI3 for photocatalysis. Here we start with the
first-principles density functional theory (DFT) calculations to describe the atomic and
electronic structures of MAPbIs in photocatalystic systems. The details for the atomic
structures of MAPbI3 are shown in Figure S6. According to the experimental results of
TEM combined with XRD, the (110) surface is dominating in the prepared MAPbIs
sample, while the (001) surface is also found to be stable in other experiments 3. They
are both considered in the simulation with Pbl- and MAI-terminated surfaces. The
density of states for Pbl-terminated (110) and (001) surfaces has been studied by
Haruyama et al 2. Calculated bandgaps for (001-Pbl) and (110-Pbl) surfaces in their
work were 1.56 eV and 1.63 eV, respectively without spin orbit coupling (SOC). While
the SOC is implemented, the bandgaps were changed to 0.76 eV and 0.68 eV,
respectively. We also calculated bandgaps for both Pbl- and MAI-terminated surfaces
as indicated in Table 1. Calculated bandgaps without SOC are much smaller than in
Haruyama’s results, while those with SOC are more comparable. The difference may
be caused by the change of pseudopotential and/or lattice parameters.

Table 1. Calculated bandgap with and without SOC. The unit of energy is eV.

Surfaces w/o SOC with SOC
001-MAI 1.73 0.96
110-MAl 1.51 0.88
001-Pbl 1.06 0.56
110-Pbl 1.00 0.40

In our results, bandgaps for MAI-terminated surfaces are much larger than for the Pbl-

terminated surfaces. The reason is that the loose-packed MAI-terminated surface
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weakens the interaction between the | atoms on the surface, leading to less dispersion
of valance bands, including SOC cutting down the bandgap by half, as the SOC
modifies the shape of Pb orbitals, as mentioned in previous reports 3. However,
experimental results show that the studied perovskite has a bandgap of 1.62 eV
(corresponding to the PL peak located at 765 nm in this work), which is much larger
than the calculated bandgaps with SOC included in this work. The reason why the
consistency is better without SOC is actually easy to understand. PBE functional used
in our calculation usually underestimates the bandgap, while excluding SOC will
enlarge the gap. These effects cancel each other and make the PBE result without SOC
more close to the experimental result. Therefore, later discussion is conducted without
SOC. Comparing the theoretical and the experimental results (bandgap of 1.62 eV from
the PL peak and preferred growth plane of (110) from XRD patterns), the sample is
probably terminated by 110-MAI layers in this work.

However, the interaction between H20 and the surface atoms of MAPbIs is of great
importance to the proposed photocatalytic H2 production as shown in Figure 4. The
most stable adsorption structure is shown in Figure S7. The H20 molecule adsorbs on
the short bridge site between | atoms on MAI-terminated surfaces, with its H atoms
pointing towards | atoms nearby, while the molecule sits on the top site of Pb on Pbl-
terminated surfaces. Adsorption energies for single H20 molecules are -0.42 eV (001-
MAI), -0.50 eV (110-MAl), -0.61 eV (001-Pbl) and -0.55 eV (110-Pbl), indicating van
der Waals dominated interactions between molecule and target sample. Since H20 is a

polar molecule, its orientation on the surface is stabilized by the local dipole formed by
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Pb?* and I". Partial density of states for surface | and/or Pb atoms and adsorbed H20
molecules are shown in Figure 5a. The hybridization between orbitals of H20 and MAI-
terminated surfaces is very weak since the H20-surface interaction is mainly composed
of H-I interactions. Generating photocurrent on MAI-terminated surfaces is possible,
but it is not likely to transfer an electron from the MAI-terminated substrate to H20,
although these surfaces are indicated by bandgap calculation. On the other hand, O
atoms are close to Pb atoms on Pbl-terminated surfaces, strengthening the H2O-surface
interaction. There are several hybridization molecular orbitals (h-MO) in the region of
2~3 eV above the valance band maximum, indicating stronger interactions between
H20 orbitals and the conductance band of MAPbIs. The real-space projections of the
wavefunction for the valance band of Pbl-terminated surfaces and the marked h-MO
are plotted in Figures 5 (b)-(e). Valance bands are mainly composed of Pb-s and I-p
orbitals, while h-MO states are composed of O-p and Pb-p orbitals. It is possible to
excite an electron from a valance band to a conduction band and then to the molecular
orbital of H20 via Xe lamp. Therefore, Pbl-terminated surfaces are better to generate
H2 and the outmost surface should be tuned via changing the growth environment %
although the MAI-terminated surface possess a similarly calculated bandgap to that of
the experiment. It should be noted here that we cannot model the complex system
containing H20, perovskite and Au at the same time due to the limitation of
computational effort. Therefore, we made a compromise via modeling the interface
interaction between Au and perovskite. Results collected in Figure S8 & S9 showed

that adding Au-layers to the perovskite surface introduced a few new states to the
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surface, which opened the route to transfer charge from Au to the surface. On the other

hand, intrinsic states of perovskite were not drastically affected by the Au-layers,

indicating that the chemical reactivity of perovskite was preserved. It can still react with
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Density of states for adsorbed H,O (red) and surface atoms (black). Red arrows point to the hybridized
molecular orbital (h-MO) of H,O. Energies are shifted with respect to the valance band maximum. DOS
for H,O are amplified for better contrast. (b)-(e) Real-space projection of the wavefunction for the
valance bands and h-MO. The value for the plotted isosurface is 0.0002 e/Bohr.

Accordingly, the simulations reveal the MAPbIs perovskite crystals have potential
application in the photocatalytic system. The bandgap of the MAPDIs is in agreement
with the calculated results of a 110-MAI terminated surface in this work but different
from 110-Pbl terminated surface in reference 25, which may be induced by the change
of pseudopotential and/or lattice parameters. However, the simulated results for the
interaction between H20 and the surface atoms of the MAPbI3 are playing important

roles in the photocatalytic system.

3. Conclusion

In summary, the MAPDI3 crystals can effectively perform PECRs. The photocurrent of
the MAPDI3 could be remarkably increased by the deposition of a Au film on the top of
the perovskite, and the highest photocurrent density could be up to 85.5 pA/cm? in
H2S04 system. Combining the experiments with the simulation results, we can find the
strong interaction between H20 orbitals and the conductance band of MAPbDIs,
revealing the potential of MAPbIs/Au for efficiency PECR. Our study presents the first
successful preparation of large-area PVD-perovskite-based photo-electrochemical
reaction material—a critical advancement in controlled production of MAPbIs/Au
junction for investigating the feasibility of integrating MAPDIs into photocatalytic
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systems.

4. Materials and Methods

4.1 Preparation of Lead Halide crystal: The Pblz crystals were grown via an
atmospheric pressure physical vapor deposition (APPVD) method. In brief, Pbl
powder (99%, Sigma-Aldrich) was put in a ceramic boat and placed at the center of a
1-inch in diameter quartz tube mounted on a single-zone furnace. Then the fluorine
doped tin oxide (FTO) coated glass substrates were placed into the down-stream region
of the furnace (as shown in Figure S1). The growth temperature of the Pbl2 plates on
FTO was 385 °C and the growth time was in a range of 5 - 20 h. The Pbl2 crystals can
also grow directly on a copper grid under the same conditions, for transmission electron
microscopy (TEM) observations.

4.2 Synthesis of Perovskites (MAPDbI3): Methylammonium iodide (CHsNHzl) powder
(99%, Sigma-Aldrich) was placed upstream in a quartz tube and the FTO/glass
substrates (also the TEM grids) coated with the Pbl2 crystals were placed 9 to 10 cm
away from the powder. Before the reaction, the furnace was purged by the carrier gas
(argon) for 5 - 10 min to remove the residual air. Then the reaction was carried out at
atmospheric pressure with an argon gas flow rate of 45 sccm (standard cubic
centimeters per minute) for several hours. The temperature at the CHsNHsl source
region was at 160 °C. The conversion area at the substrate region could be upto 4 -5
cm along the substrate. Finally, the furnace was naturally cooled down to room
temperature. The gold films with a thickness of 50 nm were deposited onto the surface
of the perovskite crystals in a thermal evaporation system.

20



4.3 Materials characterizations: Raman spectra were collected using a Horiba Jobin
Yvon HR800 Raman microscopic system equipped with a 488 nm laser operating at
180 mW. The spot size of the excitation laser is ~1 um. The atomic force microscopy
(AFM) measurements were performed in a Veeco Dimension-lcon system with a
scanning rate of 0.972 Hz. The PL measurement was carried out using an excitation
laser of 488 nm. The structural properties of the Pbl. and MAPbIs samples were
characterized by a Jeol JEM-2100F scanning transmission electron microscope (STEM)
and energy dispersive X-ray (EDX) operating at 200 kV. The morphologies of the Pbl:
and MAPbIs were observed by a Leica Stereoscan 440 scanning electron microscope
(SEM). X-ray diffraction (XRD) was carried out with a Rigaku SmartLab X-ray
diffractometer (Cu K, radiation A = 1.54056 A) operating at 45 kV and 200 mA. The
UV-vis spectra were recorded at room temperature on a Shimadzu UV-2550 UV-vis
spectrophotometer.

4.4 Characterization of MAPbI3-based photocatalyst: The photocurrent density of the
sample was measured in the presence of ethanol, ethanol/H20 solution and
ethanol/H2S04 solution. Here we used the as-prepared film as the working electrode,
Ag/AgCI as the reference electrode and Pt wire as the counter electrode. Photocurrent
densities were measured using a potentiostat (CHI 660E Instruments) with a constant
potential (0 V or -0.5 V vs. Ag/AgCl) and under a 300 W Xe lamp with a cut-off filter
(A > 420 nm) irradiation at 100 mWcm (PLS-SXE 300, Beijing Trusttech Co. Ltd,
China).

4.5 DFT calculations: Calculations were performed using the Perdue-Burke-Enzerhof
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(PBE) functional for the exchange-correlation functional °, the projector augmented
method 2 2! and a plane-wave basis set as implemented in the Vienna ab-initio
simulation package 2> 3. A semi-empirical dispersion correction (DFT-D3) generated
by Grimme et al was used in the simulation 2. Energy cut-off for the plane-wave basis
was set to 400 eV, which was increased to 500 eV in static calculations. DFT
simulations were conducted for tetragonal MAPbIs. The optimized lattice parameters
for the bulk phase were a = 8.650 A and ¢ = 12.744 A, close to the experimental values
(a=8.809 A, c = 12.744 A) %. Both the (001) and (110) surfaces of the tetragonal lattice
are nonpolar surfaces stacked by MAI and Pbl2 planes. Two types of terminations (Pbl
and MAI) were considered. Those surfaces are named as 001-MAI, 110-MAI, 001-Pbl
and 110-Pbl respectively. Symmetric slab models were used to avoid the unrealistic
dipole. The slabs were thicker than 15 A, separated by vacuum space of 20 A. The first
Brillouin zone of the supercell was sampled by a 3 X3 X1 k-mesh. All atoms except
for the bottom layer were fully relaxed until the residual force for each atom was less
than 0.02 eV/A. Relaxed slab models for these surfaces are shown in Figure S6. The
positions of surface atoms changed due to surface relaxation, while the displacements
for atoms in the middle layer are less than 0.2 A. It proves that our slab models are thick
enough to avoid the interaction between top and bottom surfaces.
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