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ABSTRACT: Organometallic halide perovskites have gained
immense scientific interest because of their unique optoelectronic
properties that can benefit applications such as solar cells, lasers, and
light-emitting diodes. Here, we develop a facile method to form a
density gradient of MAPbl; (MA = methylammonium) crystal
particles as a function of the electrochemical potential gradient
across an indium-doped tin oxide (ITO) electrode. At the high-
potential end of the ITO, a high density of nucleation sites is
formed, yielding high-density MAPDI; crystals with a broad particle
size distribution. Less density of MAPDI; crystals can be optically
resolved at the low-potential end of the ITO. Spatial distributions of
fluorescence and photoelectrochemical properties of the perovskite
films show the same clear trends as the particle density gradients.

dE/dx
X
OH™ —e” — OH
Pb%* + OH g5 + OH™ — e~ > Pb(OH)3+
Counter
Reference

PB(OH)3* - PbO, + 2H*

Mass spectrum imaging of PbO, and MAPDI; gradients shows a spatial distribution of PbO,, MAPbI; of fresh sample and Pbl, for
aged sample. Mass spectrum imaging also reveals a poor structural stability of MAPbI; crystals formed at the high-potential side of

the gradient because of their fast growth kinetics producing smaller

1. INTRODUCTION

Metal halide perovskites have general stoichiometr;r of ABX;,
where A and B are the cations and X is a halide."” A cations
are usually large monovalent ions such as methylammonium
CH,;NH,;" and formamidinium (NH,),CH* and inorganic ions
such as Cs?, playing a crucial role in the stability of the
perovskite structure.” B cations are the central ions such as
Pb** crucial for tuning the band gap of the material.” The band
gap of a metal halide perovskite can also be tuned by halide
substitution. Usually the band gap increases if a lesser
electronegative halide ion (X = I) is substituted with another
more electronegative halide ion (X = c1).>° Owing to the
unique properties such as broad spectra range,” intrinsic
flexibility,® low cost,® direct band gap,” easy fabrication
process,” long carrier lifetime, electrochemiluminescent prop-
erties, and high carrier mobility,” metal halide perovskites
materials have been applied to various applications such as
solar cells,""™"* lasers,'” and light-emitting diodes (LEDs).®
The fabrication process for the LED based on single-crystal
perovskite is challenging to scale up,'® although epitaxial
growth of the perovskite crystals has been reported.'”~"” For
example, Hill et al."” introduced the electrochemical synthesis
route to yield an epitaxial film of Pbl, and subsequent
conversion to MAPbI; perovskite with preferred [110]
orientation. Koza and co-workers'® introduced epitaxial film
formation of MAPDI; through an electrochemical/chemical
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nucleation sites.

route on single-crystal Au substrates. Popov et al.”’ synthesized
MAPDI,; films by first electrodepositing PbO, films followed by
two vapor conversion steps involving HI and CH;NH;] vapors.
Lei et al'” synthesized single crystals of MAPbBr; with
controlled morphology, locations, and orientations. Metallic Pb
and Sn films can be transformed to halide perovskites using
alcoholic solutions of methylammonium and formamidinium
iodide.!

Intelligent surfaces coated with functional materials with
gradients in surface coverage, porosity, particle size, and film
thickness are highly attractive because of their potential
applications in quantitative analysis applications and searching
new catalysts. Various methods such as differential centrifuga-
tion,” potential gradient-driven electrodeposition,””** and
bipolar electrode” have been introduced to form functional on
various substrates. For example, Jayaraman and co-workers™’
constructed a substrate possessing an electrocatalytic Pt
gradient by applying a nonuniform electric field on the ITO
surface. Subhramannia et al.”* demonstrated a potential-
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dependent morphological evolution of Pt mesostructures by
templated electrodeposition. Zhang et al. introduced a well-
defined gotential gradient for Au nanoparticles on the ITO
surface.”® Bipolar electrodes are used to create surface coverage
gradients of self-assembled monolayers of small molecules™
and DNA.”’

Here, we report electrodeposition of MAPbI; perovskite
crystal particles with their sizes and densities controlled by the
electrochemical potential gradient of indium-doped tin oxide
(ITO). To our knowledge, this is the first report demonstrat-
ing formation of a single-crystal particle density gradient of
MAPDI; as a function of position potential on a single
substrate. This facile electrodeposition method produces an
ideal platform to efficiently search optimal electrodeposition
conditions for well-defined single crystal particles that can be
optically resolved and exhibit optical fluorescence and
photoelectrochemical activities.

2. MATERIALS AND METHODS

2.1. Materials. All purchased chemicals were of reagent
grade and used as received without further purification.
Pb(NO;), (>99.0%) was purchased from Sigma-Aldrich.
NaOH and isopropanol were purchased from Alfa Aesar.
CH;NH;I was synthesized according to previously reported
literature.”

2.2. Synthesis of PbO, and MAPbI;. PbO, was
electrodeposited on 1.5 cm X 1.5 and 7.5 cm X 2.5 cm
indium-doped tin oxide (ITO) with a sheet resistance of 30.8
Q/[] substrate at 0.27, 0.3, 0.4, and 0.5 V for 254 s in 0.1 M
Pb(NO;), in S M NaOH using Ag/AgCl and a gralphite rod as
the reference and counter electrodes, respectively.***~*' The
solution of 0.1 M Pb(NO;), in S M NaOH was prepared by
dissolving lead nitrate in S M NaOH at 50 °C for 1 h under
stirring. The subsequent conversion to MAPbI; was carried out
by dipping the PbO, film in a 0.1 M CH;NH;I solution in
isopropanol at 50 °C.

2.3. Mass Spectrometry and Other Characterization
Methods. Matrix-assisted laser desorption ionization time of
flight (MALDI-TOF) imaging mass spectrometry experiments
were conducted on a Bruker Daltonics rapifleX mass
spectrometer equipped with a smartbeam 3D laser (“Imaging
100 ym” as laser setup profile with raster width 200 ym).
MALDI images were processed with FlexImaging 5.0 and
SCiLS Lab software. FlexControl 4.0 software was used to
examine the individual data point mass spectrum. X-ray
diffraction (XRD) studies on the PbO, and MAPbI, gradients
were performed using an X-ray diffractometer (Philips X’-Pert
Pro X-ray, Cu Ka source). The surface morphology and the
size distribution of the synthesized MAPDbI; crystals were
characterized using a JEOL 7000 scanning electron microscope
(SEM). The PbO, film deposition was performed using a
three-electrode configuration with an electrochemical work-
station (CHI 760C, CH Instruments Inc., Austin, TX) using
ITO, Ag/AgC], and the graphite rod as the working, reference,
and counter electrodes, respectively. The fluorescence spectra
were collected by a CCD camera (Acton, SP2500 mono-
chromator, Princeton Instruments) where the detector
temperature was maintained at —100 °C with liquid nitrogen.
The dark field, white field, and fluorescence images were
collected by an electron-multiplying charge-coupled device,
ANDOR technology iXON X3 EM-CCD camera using a 40X
objective (NA = 0.75). Photoelectrochemical measurements
were performed using a CHI760C biopotentiostat (CH

Instruments Inc, Austin, TX) in a three-electrode config-
uration using ITO, Ag/AgCl, and a graphite rod as the
working, reference, and counter electrodes, respectively. A
standard simulated 1 sun (100 mW/cm?) was provided by a
solar simulator using a xenon lamp source (Oriel AM 1.5

filtered, Newport).

3. RESULTS AND DISCUSSION

3.1. Electrodeposition of PbO, and Chemical Trans-
formation to MAPDbI;. Figure la shows the cyclic
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Figure 1. (a) CVs of the ITO electrode in the absence and presence
of 0.1 M Pb(NO;), in S M NaOH for electrodeposition of PbO,. (b)
SEM image of PbO, electrodeposited at 0.3 V (vs Ag/AgCl) for 1 h
using ITO (1.5 cm X 1.5 cm) as the working electrode, Ag/AgCl as
the reference electrode, and graphite rod as the counter electrode. (c)
Schematic representation of the potential gradient on 2.5 cm X 7.5 cm
ITO. (Inset) Corresponding SEM images of MAPbl; (MA =
methylammonium) crystals along the gradient.

voltammetry (CV) experiments carried out in a three-electrode
system for electrodeposition of PbO,. The control experiments
were performed without lead precursor ions to illustrate the
electrodeposition location of the oxide film on ITO. The
oxidation current of 1.1 mA observed at 0.47 V (vs Ag/AgCl)
in the presence of Pb(NO;), confirms the oxidation and
precipitation of Pb?* ions. The oxidation peak at 0.47 V
corresponds to the anodic deposition of PbO,, whereas the
irreversible cathodic peaks at 0.24, 0.93, and —0.07 V (vs Ag/
AgCl) are associated with the reduction of Pb(OH),**, PbO,,
and reactive oxygen species produced by water oxidation. The

mechanism for the PbO, electrodeposition is as follows*’ >
OH™ —e” — OHads (1)
Pb*" + OH, + OH™ — e~ — Pb(OH),** )
Pb(OH),** — PbO, + 2H* 3)

Initially, the particles containing oxygen are chemisorbed on
the electrode surface as OH,4 followed by electrochemical
oxidation together with Pb** to form Pb(OH),*", which is
deprotonated to yield PbO,. The rate of the PbO, growth is
dependent on the amount of intermediate product formed as
shown in eq 2 at the electrode surface. The presence of these
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hydroxide complexes will be validated using the mass spectrum
method at the end of the discussion.

After the initial CV study, anodic potentials of 0.24, 0.27,
0.30, 0.40, and 0.50 V (vs Ag/AgCl) were chosen for
potentiostatic growth of PbO, on ITO substrate. Figure 1b
shows the SEM image of PbO, film on ITO for the PbO, film
deposited at 0.3 V vs Ag/AgClI for 3600 s and shows spindle-
shaped geometry. Figure 1c shows the schematic representa-
tion of the formation of MAPbI; gradient on a 75 mm long
ITO with the high-potential end showing formation of closely
spaced MAPDI; crystals and the low-potential end showing the
MAPDI; crystals farther spaced. Figure S1 shows the potential
applied at the top of the ITO and at the opposite end of the
ITO labeled as Ej ., as a function of applied potential. As can
be seen from Figure S1, there is ~100 mV difference of
potential at the top and bottom end of the ITO resulting in a
potential gradient across the 7.5 cm length of the ITO. The
resistance for the length of 7 cm of the ITO is 76.3 Q.

MAPDbI; film was formed by dipping PbO, electrodeposited
film in 0.1 M MAI (MA = methylammonium, CH;NHj,) in an
isopropanol solution at S0 °C. Pb*" ions are strong oxidants to
oxidize iodide ions from the MAI solution. Therefore, the
redox reaction between PbO, and MAI produces Pbl, then
MAPbI, by following the reactions shown in egs 4 and 5**

PE* + 217 — PB** + 1, (4)
Pbl, + CH,NH,I — CH,NH,Pbl, ()

The conversion process of PbO, to MAPbI; was monitored by
the variation of the electrode’s open-circuit potential (OCP)
using a Pt quasi-reference electrode (QRE) as shown in Figure
§2."%%% The OCP value increases for the first 500 s due to
dissolution of PbO, and formation of MAPbI;, followed by a
gradual decrease, suggesting complete conversion of PbO, to
MAPDI; and reorganization of the perovskite film for single
crystal particle formation.

3.2. PbO, and MAPbI; Gradient Formation on ITO
Electrode. The PbO, gradient was induced on ITO (75 mm
X 25 mm) substrate and subsequently converted to MAPbIL,.
The top contact of the working electrode was made on the
ITO with a Cu tape. To develop the gradient along the length
of the ITO, 0.3 V (vs Ag/AgCl) was applied at the one end of
the ITO attached to the Cu tape, keeping the ITO substrate
stable in the electrolyte. The potential (E,) along the length
(L) of the ITO (gradient) at any location x can be determined
with the linear eq 6 from an initial applied potential E,, to the
top of the ITO electrode

E =F x X (Eappl - Ebottom)
x = Cappl T I (6)

where Ep.om is the potential at the bottom end of the ITO
electrode without direct electrical contact with the potentio-
stat. A film thickness gradient of PbO, is electrodeposited onto
the ITO electrode at 0.3 V (vs Ag/AgCl) for 254 s (Figure 2a
and 2b). The PbO, gradient formed at 0.3 V vs Ag/AgCl for
254 s is then converted to the MAPDI; gradient by dipping the
film in 0.1 M MAI solution in isopropanol at 50 °C for 600 s.
The appearance of the PbO, film changes from dark red to
black during conversion as shown in the inset of Figure 2a.
After complete conversion, there is no further change in the
color of the film. The PbO, gradient provides control over the
MAPDI; nucleation density and acts as a platform for tuning
the mass transfer of lead ions reacting with MAI to form
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Figure 2. (a) Deposition of PbO, at 0.3 V for 254 s in S M NaOH,
0.1 M Pb(NO;), in S M NaOH using ITO (75 mm X 25 mm) as the
working electrode, Ag/AgCl as the reference electrode, and graphite
electrode as the counter electrode. (Inset) Electrodeposited gradient
of PbO, and conversion of PbO, to CH;NH,PbI; by dipping PbO, in
0.1 M MAI solution in isopropanol at 50 °C for 600 s. MAPbI,
gradient is labeled as 1, 2, and 3, showing the spots where SEM
images are collected. (b) SEM images of MAPbI, gradient at
magnifications of S00X, 2000X%, and S000X collected at spots 1 (top),
2 (middle), and 3 (bottom), where 1 corresponds to the high-
potential end and 3 corresponds to the low-potential end of the ITO.
(c) Average particle diameter and density dependences on the
substrate location calculated by considering crystals as spheres. Error
bars are shown for the mean particle size diameter calculated using the
95% confidence level.

crystals at the nucleation sites. The low-potential end with the
thin PbO, film will form less nucleation sites to form
monodispersed crystals. The thick oxide film at the high-
potential end of the ITO provides high-density nucleation sites
to form highly packed perovskite crystals with a broad crystal
size distribution. The morphology of the produced MAPbI;
gradient was investigated using scanning electron microscopy
(SEM) and shows the crystallike morphology. Previous
studies have demonstrated formation of the MAPDI; crystal
morphology on single-crystal Au substrate."®'” In this study,
the perovskite crystals are formed on ITO as the gradient,
suggesting that perovskite crystal formation strongly depends
on the dissolution process of PbO, and mass transfer of MAI
and lead ions. Figure 2b shows SEM images of perovskite
crystals taken from the positions labeled 1, 2, and 3 in Figure
2a, where spot 1 corresponds to the high-potential end and
spot 3 corresponds to the low-potential end of the perovskite
gradient. As the photographed positions move toward the low-
potential end, the MAPDI; crystals are farther spaced from
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Figure 3. XRD of (a) PbO, gradient electrodeposited at 0.3 V for 254 s in S M NaOH, 0.1 M Pb(NO;), in $ M NaOH using ITO (75 mm X 25
mm) as the working electrode, Ag/AgCl as the reference electrode, and graphite electrode as the counter electrode and (b) MAPbI, film formed by
dipping PbO, in 0.1 M MAI solution in isopropanol at 50 °C for 600 s. PbO, and MAPbI; gradients are shown.

258 FL/a.u. —e— A (at max. FL)/nm
b —o— FWHM/nm
261 3x10% E,/mV (vs Ag/AgCl) ——FL maxima
264 204 288 282 276 270 264 258
1 n 1 1 n 1 L 1 1 1 56 ,36k
267 _ ax1047 7 —h— 5432k
2709 770 _/ T [52[ 9ak
< Pl
2735 fax10% 5, | 150/ pa
276 i Lagl 20K
2! Foxa0t %07 s
27193 461 16k
282 & 7551 ol
285 1X10%754 | l P
=
288 Laot
291 sx10°’+° Y Lk
740 - _]_ 38,
200 W, Lasl
720 735 750 765 780 795 810 735 -+— : : ‘ : ‘ ; L4k
Wavelength/nm 1 2 3 Lengthicm’

Figure 4. (a) Fluorescence spectrum (FL) dependency on the substrate location and corresponding electrochemical potential spatial distribution
for PbO, deposition prior to being converted to MAPbIL; when the ITO electrode was held at 0.3 V (vs Ag/AgCl). (b) Corresponding change in
the maximum fluorescence intensity, full width at half maxima (FWHM), and shift in wavelength at maximum fluorescence intensity. Excitation

wavelength is 532 nm.

each other. The yield of the crystals along the length of the
gradient is calculated using the appearance ratio in the SEM
images, and results are shown in Figure 2c. The particle shape
evolution is accompanied by the coverage decrease throughout
the length of the ITO (Figure 2b and 2c). The diameter of the
crystals is increased initially, followed by a decrease in the
diameter of the crystals considering crystals as spheres. The
mean particle size of the MAPDI; crystals corresponding to 1,
2, 3, and 4 cm lengths of the ITO are 1.7 + 0.30, 6.9 + 0.55,
43 + 0.26, and 5.4 + 0.44 um, respectively. The observed
nonuniform trend in the mean diameter of the crystals is due
to formation of varying sized crystals at the high-potential end
of the electrode. The high-potential end of the ITO substrate
results in anisotropic growth of MAPDI; crystals. The size
distribution of the MAPDI; crystals is broad at the high-
potential end due to the high nucleation seed density. The
isotropy in morphology and crystal size increases as the lower
potential end of the ITO is reached. The MAPbI; crystals are

10662

observed throughout the length of the ITO, depicting that the
potentials (E,) at all of the regions of the ITO are optimum for
Pb** oxidation. SEM images clearly show that the substrate
potential plays a critical role in controlling the MAPbI; crystal
size isotropy and density, and the increase of the potential
causes a steep increase in the surface coverage of MAPbDI;
crystals. Perovskite particle gradient can also form by pulling a
PbO, substrate out of a MAI solution at a rate of 0.01 cm/s
with a dipping machine as shown in Figure S3 (Supporting
Information). Similar observations to 0.3 V are made when
PbO, is electrodeposited at 0.5 V and consequently converted
to CH;NH,Pbl, (Figures S4 and SS, Supporting Information).
The EDS (energy-dispersive X-ray spectroscopy) of the
MAPDI; spectra is shown in Figure S6 (Supporting
Information).

3.3. Structural and Optical Properties of MAPDI;
Particle Density Gradient. The PbO, gradient obtained at
0.3 V (vs Ag/AgCl) for 254 s on ITO substrate (75 mm X 25

https://dx.doi.org/10.1021/acs.jpcc.0c01536
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Figure S. Dark field scattering, white field, and fluorescence images collected at different locations on the MAPbI; gradient. Film deposition
conditions are located in the figure caption of Figure 3. Spot 1 corresponds to the high-potential end, and spot S corresponds to the low-potential
end of the ITO shown in Figure 3.

a E(vs. Ag/AgCI): £ 1
2] e—0.24V 0.27V =——0.3V !
0.4V —— 0.5V 8
[=
0 )
5.27 14 7}
2
c c
: | |5
= o
3 S
o
-6
Kt
-8 T T EF
0 50 100 150 200 -
Time/s
Dark —— Light 9
C., — Dar —tont 0%y (vs AgiAgCi)=-0.2v
601 027V ] 0.08
304 ~— ] el Light
0 ) n n n 0.07- - Dark
1114 03v 1
74 ’ 1
&-jg: \ 1 ‘;\0.06—
Ss1! : ' ' 040v 1 5005
254— 12
320 1E0.04
54 : ' ' 050V 1 o3l
4 1 003
Bl \. 002
17.74 b
1] Bare ITO ] 0.01
5.9 ]
0.0 . . n n 3 0.00-
-0.6 -04 -0.2 0.0 0.2 0.4 ITO 0.5v 0.4V 0.3v 0.27v
E/V(vs Ag/AgCI) E(MAPbI,)/V (vs Ag/AgCl)

Figure 6. (a) PbO, electrodeposition at different potentials 0.24, 0.27, 0.3, 0.4, and 0.5 V in 0.1 M Pb(NO;), at an ITO (1.5 cm X 1.5 cm) working
electrode, Ag/AgCl as the reference electrode, and graphite electrode as the counter electrode. Corresponding PbO, images are shown. (b)
Schematic for photoelectrochemical measurement of benzoquinone reduction using MAPbI; as the photocathode under front illumination. (c)
Photoelectrochemical measurements on 2 mM benzoquinone in 0.1 M TBAPF, in CH,Cl, for MAPbI, films deposited at different potentials. (d)
Bar graph representation of the photocurrent density measured at —0.2 V vs Ag/AgCl for MAPDI, films formed at different PbO, electrodeposition
potentials.

mm) and the corresponding MAPbI; gradient were charac- XRD patterns for the PbO, gradient at various locations
terized by X-ray diffraction (XRD) to reveal their crystal labeled from 1 to 6, where location 1 indicates the high-
structures and chemical identities. Figures 3a and S7a show the potential end and location 6 indicates the low-potential end of
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Figure 7. Selected mass spectrum assignment for m/z 400—900 for (a) MAPbI; and (b) PbO, films.

the ITO electrode. The two distinct phase peaks for $-PbO,
are observed at the high-potential end of the ITO (location 1,
Figure 3a, inset) corresponding to a 26 of 36.1° (200) and 50°
(211) with a preferred orientation of f (211). In the low-
potential end of the ITO, the peak indexed to the plane of
(200) becomes pronounced (location 6, Figure 4a, inset),
strongly suggesting that electrodeposited PbO, has various
crystallographic orientations as a function of applied potential.
Figures 3b and S7b (Supporting Information) show the XRD
diffraction peaks’**° for the MAPbI, gradient. The diffraction
peaks observed at 20 = 14.02°, 20.0°, 24.6°, 28.36°, 31.76°,
40.47°, and 43.0° can be indexed to the (110, (112), (202),
(220), (310), (213), and (224) planes, respectively. The
diffraction peaks from the unreacted PbO, are also observed in
the high-potential end of the ITO substrate (location 1, Figure
3b, inset). According to Debye Scherrer’s formula, the
calculated average crystallite sizes are 17.0, 89.0, 279.9,
114.0, 71.6, 14.5, 11.3, and 13.1 nm corresponding to the
locations of 1, 2, 3,4, S, 6, 7, and 8 as shown in Figures 3b and
S8 (Supporting Information). The crystallite size increases
initially at the high-potential end and decreases at the low-
potential end. A similar trend was observed in the SEM images
in Figure 2c.

Figure 4a shows the fluorescence intensity contour plot as a
function of wavelength and the applied potential under 532 nm
laser excitation. The length of the ITO corresponding to 1 cm
denotes the high-potential end, and the length of 7 cm
corresponds to the low-potential end. Figure 4b shows the
change in the fluorescence intensity along with the shift in the
wavelength at maximum fluorescence intensity and the
corresponding full width at half maxima (FWHM). The
maximum fluorescence intensity for the MAPDI; gradient
deposited at 300 mV (vs Ag/AgCl) is observed at 270 mV vs
Ag/AgCl, and the wavelength is red shifted at this potential
from 752.6 to 773.8 nm, suggesting quality formation of a large
perovskite crystal with less defects than 300 mV (vs Ag/AgCl).
The decrease in fluorescence from perovskite near the bottom
of the ITO has to do with the surface coverage decrease of the
crystal particles density per geometric surface area (Figure 2c).
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The FWHM decreases from 300 to 270 mV and increases after
270 mV (vs Ag/AgCl).

One of the benefits with well-dispersed single-crystal
particles is that the optical and electrochemical properties of
single entities can be studied as we demonstrated in our
previously published work regarding local redox reactions at a
single-nanoparticle level.”’~*' Figure 5 shows the dark field,
white field, and the fluorescence images of single MAPDI;
particles from the high-potential end of the ITO labeled as 1 to
the lower potential end labeled as 5. The MAPDI; crystal
density decreases from the high-potential end to the low-
potential end similar to the observation in the SEM images
(Figure 2b). Consistent with the fluorescence spectrum in
Figure 4a, fluorescence images of single perovskite particles
show an increase in the fluorescence intensity toward the low-
potential end of ITO when the entire sample is under the same
excitation intensity. There is no decrease in the fluorescence
intensity of single-crystal particles from spot 3 to spot §,
although the average fluorescence spectrum intensity decreases
in this region (Figure 4) because of the decrease in particle
density per geometric surface area (Figure 2C).

3.4. Photoelectrochemical Properties of MAPbI;
Films. PbO, films were deposited at potentials of 0.27, 0.3,
04, and 0.5 V (vs Ag/AgCl) for 254 s (Figure 6a) and
transformed to MAPbI; by dipping PbO, films in 0.1 M MAI
in isopropanol for 600 s. PbO, is a highly conductive oxide;
hence, the increase in the current is associated with the
increase in PbO, thickness on the ITO substrate. The i—t
curves of >0.4 V deposition show an initial sharp increase due
to nucleation site development on ITO, followed by a decrease
in current due to the mass transfer limitation of lead ions, and
then a slow increase to a plateau of a steady-state value for
crystal size increase.””*> As shown in Figure 6a, all of the
substrates were deposited for 254 s at 0.24, 0.27, 0.30, 0.40,
and 0.50 V. The corresponding images of the electrodeposited
film of PbO, at different potentials are shown in Figure 6a. The
color of the electrodeposited PbO, films changes from brown
to dark red with an increase in film thickness. The
photoelectrochemical performance of the synthesized
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Figure 8. Mass spectrum (MS) imaging of (a) PbO, and (b) MAPbI; gradients. Stability study of MAPbI; gradients using the MS imaging
technique for the fresh (c, e, g, and i) and aged (d, f, h, and j) gradients for [CH;NH;]*, [PbONa]*, [Pb,1;]*, and [PbI,Na]* fragments,

respectively.

MAPbDI; films by electrodeposition/chemical conversion at
different potentials was studied.

Figure 6b shows the schematic for the photoelectrochemical
study using MAPbI; films as the photocathode. The MAPDI;
films deposited at different potentials are utilized as the
photocathode working electrode with a graphite rod as the
counter electrode and Ag/AgCl as the reference electrode. The
cathodic photocurrent is produced upon illumination to reduce
p-benzoquinone (BQ) to hydroquinone (HQ) at the working
electrode.*’ Figure 6¢ shows that the electrodeposited MAPbI,
has a small amount of dark current, suggesting that the ITO
surface is not protected with MAPDI; films. Upon illumination,
an enhancement of the photocurrent for the p-benzoquinone
reduction is observed and increases with the applied potential.
A bar graph at —0.2 V vs Ag/AgCl is plotted in Figure 6d to
illustrate a deposition potential effect on photoelectrochemical
current density under light and dark conditions. MAPbI; film
deposited at 0.3 V has a photoelectrochemical current of 0.083
mA/cm® at —0.2 V (vs Ag/AgCl) as compared to the
photocurrent density of 0.070, 0.05S, and 0.032 mA/cm? for
the MAPDI; films synthesized at 0.27, 0.4, and 0.5 V,
respectively, because of the optimum crystallinity of the film
and minimum loss of the photogenerated charge carriers at 0.3
V vs Ag/AgCl. The maximum dark current density of 0.017
mA/cm?* at —0.2 V is observed for the MAPbI, film deposited
at 0.5 V, whereas for the MAPbI, films deposited at 0.4, 0.3,
and 0.27 V correspond to dark current densities of 0.013,
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0.010, and 0.009 mA/cm? respectively. The photoelectrochem-
ical performance can be further improved by controlling the
film thickness, crystal size, and particle density to maximize
photoelectrochemical photocurrent while minimizing the dark
current.

3.5. Mass Spectrometry of the MAPbI; Gradient. To
resolve the chemical identity and stability of the electro-
deposited perovskite product, the spatial chemical distribution
of the perovskite crystal gradients are measured with the
matrix-assisted laser desorption ionization-time-of-flight
(MALDI-TOF) imaging technique. Figure 7 shows the MS
analysis** of the PbO, (Figure 7a) and MAPbI; (Figure 7b)
gradients cast on the MALDI imaging ITO slide with peak
assignments. The MS spectra of PbO, shown in Figure 7a
show a mixture of Pb(OH),>" and PbO, on the PbO, gradient,
indicating that the excess MA ions produced by reactions 4 and
5 can be neutralized by residual OH ions during the oxide-to-
perovskite transformation process.

The MALDI imaging technique was used to study the
chemical composition of MAPbI; and PbO, gradients cast on
the ITO slide by overlaying MS images at selected m/z with
the ITO slide visual images. Figure 8a and 8b shows the MS
image of the PbO, gradient for the [PbONa]* fragment
corresponding to m/z 246.827 + 3319.838 mDa, and Figure
8b shows the MS image of the CH;NH;PbI; gradient for the
[Pb(CH;NH,)L,]* fragment corresponding to m/z 492.788 +
2346.986 mDa. The intensity of the selected fragments
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increases at the high-potential end of the ITO and decreases at
the low-potential end of the ITO. These observations are
consistent with the SEM images shown in Figure 2b,
suggesting that deposition of the film at the high-potential
end of the ITO is more abundant as compared to the low-
potential end of the ITO. The MS imaging technique was also
used to identify the trend of various fragments for the fresh
(Figure 8¢, 8e, 8g, and 8i) versus the aged (Figure 8d, 8f, 8h,
and 8j) MAPbI, gradient. Figure 8c and 8d shows the MAPbI,
gradient MS images for the [CH;NH;]* fragment correspond-
ing m/z to 32.1. The fresh sample shows the high intensity of
the [CH;NH;]" fragment at the high-potential end, whereas
for the aged sample the intensity for the [CH;NH,]* fragment
is decreased at the high-potential end, suggesting loss of
[CH;NH,;]" over time starting at the high-potential end, which
correlates well with the visual ITO image color change (black
to bright yellow). Figure 8e and 8f shows the MS images for
the [PbONa]* fragment for the fresh and aged MAPbI,
gradient, respectively. The peak intensity of the [PbONa]*
fragment is negligible at the fresh MAPDI; gradient and
increases in intensity as the gradient is aged (Figure 8f),
suggesting that once the [CH;NH;]" cation is lost over time
the perovskite structure is degraded and the unreacted PbO,
generated a [PbONa]* fragment for the aged sample. Figure 8g
and 8i shows MS images of the MAPDI; fresh gradient for the
[Pb,I;]* and [PbI,Na]* fragments, respectively. Their
corresponding MS images for the aged gradients are shown
in Figure 8h and 8j, respectively, showing weaker intensity than
the fresh samples due to loss of the perovskite structure.

The XRD in Figure 3b shows some of the unreacted PbO, at
the high-potential end of the MAPbI; gradient, which is
consistent with MS imaging analysis (Figure 8e and 8f). At the
high-potential end of the ITO there are high-density
nucleation sites for MAI to react with PbO, and some of the
PbO, remains unreacted. The increase in intensity for the
[PbONa]* fragment as well as the decrease in the intensity for
the [CH;NH;]" fragment, for the aged gradient at the high-
potential end, demonstrates the loss of the perovskite structure
at the high-potential end. The stability of the MAPbI; gradient
is poor at the high-potential end due to the fast growth of
MAPDI; crystals with varying sizes at the high nucleation sites
region along with unreacted PbO, and the loss of MA". In
accordance with this observation, the fluorescence of the
MAPDI; crystals is low at the high-potential end and high at
the low-potential end while attaining maximum fluorescence
intensity for the 270 mV for the gradient formed at 300 mV (vs
Ag/AgCl), shown in Figures 4a, 4b, and 5. As shown in Figure
6¢ and 6d, the maximum photoelectrochemical photocurrent
density of 0.083 mA/cm® is observed for MAPbI; film
deposited at 0.3 V as compared to films deposited at 0.5,
0.4, and 0.27 V vs Ag/AgCl. This suggests that there is an
optimum potential with the minimum defect sites and
maximum coverage to prevent the loss of photogenerated
charge carriers in photoelectrochemical measurements. The
high-potential end of the MAPbI; gradient is comprised of the
trap sites for quenching the photogenerated charge carriers in
the PEC photoelectrochemical measurements. The article
density and size distribution are uneven at the high-potential
end of the ITO and uniform at the low-potential end of the
ITO as shown in Figure 2b, which corresponds to the
instability at the high-potential end as shown in the MS images
in Figure 8¢, 8d, 8e, and 8f.

4. CONCLUSIONS

In summary, single-crystal MAPDI; particles can be electro-
deposited onto a single ITO substrate. The electrochemical
potential gradient of the ITO electrode controls the MAPbI;
crystal size and density. The high-potential end of the ITO has
high nucleation sites and shows formation of a high-density
MAPDI; crystal. The low-potential end of the ITO shows the
spatially distributed micrometer-sized crystals. Crystal particles
deposited at a potential of less than 270 mV (vs Ag/AgCl)
show enhanced fluorescence and photoelectrochemical per-
formance than the high electrode potential side of the gradient.
Mass spectrometry imaging study confirms the initial gradients
of PbO, and MAPDI; in fresh sample and Pbl, in the aged
sample upon loss of methylammonium. Mass spectrometry
analysis shows an increase in the intensity of [PbONa]* at the
high-potential end of the gradient and decrease in intensity of
the [CH;NH;]" fragment as the sample is aged due to loss of
the perovskite structure. The spatial distributions of
[CH;NH;]" and [PbONa]* and other fragments are sensitive
to the anisotropy of MAPbI; crystal sizes at the high-potential
end. Mass spectrum imaging also reveals that the poor stability
of the MAPDI; gradient is poor at the high-potential side with
fast growth kinetics of MAPbI; crystals with smaller high-
nucleation sites than the lower particle density side.
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