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The optical and structural properties of hybrid perovskites can be
tuned by the post-synthetic introduction of new cations. To
advance the development of this approach, knowledge of the
reaction mechanism is essential, but has not yet been elucidated.
Here, the effect of n-octylamine on three-dimensional (3D)
methylammonium lead bromide (MAPbBr;) was investigated by in
situ X-ray photoelectron spectroscopy. Spectroscopic analysis
indicated equimolar substitutions between octylammonium
(OcA") and methylammonium cations (MA') that cause the
formation of two-dimensional (2D) octylammonium lead bromide
((OcA),PbBr,). The introduction of methylamine reversed these
changes, and the cation exchange between MA* and OcA" caused
the reverse conversion to MAPbBr;.

Hybrid organic-inorganic perovskites (e.g., MAPbX;, MA" = CH3NH;",
X = Cl, Br or 1) have achieved tremendous success in optoelectronic
and photonic devices because of their outstanding optical and
electrical properties.l_3 Despite the rapid improvements in the solar
cell efficiency of three-dimensional (3D) MAPbX;, their chemical
stability remains among the challenges that has hampered their
widespread applications in actual devices.” It has been reported
that MAPbX; films decompose rapidly after exposure to moisture,
oxygen, heat, light, and low-energy electrons.”™ Substantial efforts
have been made to address the stability problems of MAPbX;
perovskite solar cells.’®* Because of their excellent environmental
stability, two-dimensional (2D) organic-inorganic perovskites have
emerged as a promising light absorber in photovoltatics.12 2D
perovskites have a general formula of (RNH;),(MA),1Pb X3,.1, in
which the long-chain cations (RNH;) serve as ligands to partition
the inorganic lattice. In addition to their improved material stability,
the bandgap of 2D perovskites can be tuned due to the quantum
confinement effect.’**° By controlling the layer number “n”, a fine
tunability in exciton absorption/emission energy in the visible range
has been achieved, making these 2D materials more attractive for
photovoltaic applications.14 Furthermore, 2D perovskite materials

®Radiation Laboratory, University of Notre Dame, Notre Dame, IN 46556, USA.

b Department of Chemistry and Biochemistry, University of Notre Dame, Notre
Dame, IN 46556, USA.

“ Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA.
E-mail: Sylwia.Ptasinska.1@nd.edu

TElectronic Supplementary

DOI: 10.1039/x0xx00000x

Information (ESI) available. See

This journal is © The Royal Society of Chemistry 20xx

Weixin Huang,*® Subha Sadhu,” Pitambar Sapkota,“ and Sylwia Ptasinska

%3,C

A_ OcA 6 hours C1s B ——MA 6 hours C1s
OcA 2 hours ——MA 2 hours
OcA 0.5hours adventitious ——MA 0.5 hours
isti carbon/C-C/
Pristine adaobed OcA OcA evacuated adventitious
\ carbon/C-C
= = 3 B
8 s @ g
> E g g
&= © > 5
2 £ 2 ]
o) = < B
=] S 2 <
1] o = =

200 288 286 284 282 200 288 286 284 282

Binding Energy (eV) Binding Energy (eV)
Figure 1. (A) C 1s photoelectron spectra of the MAPbBr; sample
recorded at an OcA pressure of 0.7 mbar between 0-6 h. (B) C 1s
photoelectron spectra of the OcA-treated MAPbBr; film recorded at
an MA pressure of 0.7 mbar between 0-6 h.

with tunable bandgaps show considerable potential in applications
such as LEDs and lasers."”*

Recently, the post-synthetic transformation of lead-halide
perovskites has provided an opportunity to tune their optical and
electronic properties flexibly and reversibly, further expanding the
functionality of perovskite materials.”®?® Due to interactions of
different compounds with cations (e.g., MA'), the optical and
structural properties of pre-synthesized perovskite films were
tuned.”’ Moreover, the post-synthetic method allows the
morphology of the parent film to be preserved/improved in the
product,zz’23 which affords perovskites with higher performance
than those formed through traditional procedures.

Although the main focus of research has been to improve the
materials’ photovoltaic efficiency via reactions with different
cations, there actually is very little known about the reaction
mechanism, which limits the effective application of this post-
synthetic method to form 3D/2D perovskite materials for high-
efficiency solar cells. In this work, we report a systematic
investigation of the chemical and structural transformation of
MAPDbBTr; films exposed to a long-chain molecule (octylamine, OcA).
Using ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
and X-ray diffraction (XRD) to monitor changes in the chemical
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composition and crystal structure, respectively, we obtained
insights into the mechanism of the cation exchange reaction.
Moreover, we explored the possibility of reversing the reaction by
exposing the OcA-treated films to methylamine (MA).

To study cation-exchange-induced transformations of
perovskites, MAPbBr; films were prepared according to a procedure
reported previously.24 The forward (3D-to-2D) and reverse (2D-to-
3D) reactions were investigated using AP-XPS, in which we
examined the chemical evolution of the as-synthesized MAPbBr;
perovskite films and the OcA-treated perovskite films under
exposure to OcA or MA vapor. Figures 1, S1 and S2 show the C 1s, N
1s, Pb 4f, and Br 3d photoelectron spectra of MAPbBr; perovskites
obtained at an OcA vapor pressure of 0.7 mbar exposed up to 6 h.
As shown in Figures 1 and S2, the C 1s spectra for the pristine
MAPDbBr; film revealed two features at the binding energies (BEs) of
285.3 eV and 286.6 eV, attributed to adventitious carbon and
carbon from the methylammonium cation (MA®), respectively.25 In
the N 1s spectra (Figures S1 and S2), the spectral feature observed
at 402.4 eV was characteristic of MA*> The appearance of a new
peak in the N 1s spectra at 397.7 eV was due to the formation of
surface-adsorbed OcA (Figure S2). As the duration of OcA treatment
increased, the intensity of the C 1s peak at 285.3 eV increased
significantly (Figure 1A). Because the hydrocarbon (-CH,-) from both
OcA" and surface adsorbed OcA have the same BE at 285.3 eV,26 the
enhanced intensities of the peak might result from the formation of
OcA" and the surface-adsorbed OcA. Subsequently, the OcA vapor
was evacuated after a 6-hour treatment. The elimination of
absorbed OcA molecules was confirmed by the loss of a signal at
397.7 eV in the N 1s spectra (Figure S2B, spectrum f). After vapor
evacuation, MA vapor was introduced at a pressure of 0.7 mbar for
the reverse reaction. By exposing the OcA-treated perovskite
sample to MA vapor, a gradual decrease was observed in the C 1s
peak at 285.3 eV, which suggested the gradual loss of OcA’. In
contrast, no distinguishable changes were observed in the
intensities of the peaks of the N 1s spectra before and after
treatment with OcA and MA (Figure S1). The similar photoelectron
intensity of N 1s corresponding to either MA™ or OcA" implies that
the nitrogen-containing species within the perovskite structure
remained unchanged.

Figures 2A and S3 show the quantitative analysis of the contents
of C and N relative to Pb, which was estimated from the fitted
spectra of C 1s (285.3 eV), N 1s (402.5 eV), and Pb 4f. Upon
exposure to OcA, the spectra of the perovskite film showed a rapid
increase in the ratio of the C/Pb from approximately 3 to 22. After
the OcA treatment, the evacuation of the vapor led to a gradual
decrease in the C/Pb ratio, suggesting the removal of surface-
adsorbed OcA. This ratio finally reached 7 after evacuation for 24 h.
It is worth noting that this ratio (C/Pb=7) is still higher than the
original ratio (C/Pb=3), suggesting the existence of OcA® in the
sample. For the reverse reaction, due to exposure to MA, the C/Pb
ratio decreased gradually to 3, indicating the loss of OcA®. In
contrast to the change in the C/Pb ratio, the constant ratio of N/Pb
in Figure S3 implied that the nitrogen-containing species (OcA®
and/or MA") within the perovskite structure remained unchanged.
Therefore, the varying C/Pb ratios and constant N/Pb ratios
indicated that the substitution occurs between equimolar amounts
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Figure 2. (A) Change of carbon (C) content relative to lead (Pb) in
the MAPbBr; film as a function of time, as the sample was
maintained continuously under the exposure of OcA for 6 h, in
vacuum for 24 h, with exposure to MA for 6 h and then in vacuum
for 3 h. The MAPbBr; films were treated under the same
experimental conditions and used for XRD measurements, as the
arrows indicate. (B and C) XRD pattern and UV-Visible spectra of (i)
the pristine MAPbBr; film, (ii) the MAPbBTr; film obtained after the
exposure of OcA, and (iii) the MAPbBr; film obtained after
consecutive exposure to OcA and MA.

of MA" and OcA" cations. The ratios of C/Pb and N/Pb suggested
that the presence of OcA/MA vapor triggers a reversible
substitution between OcA” and MA". The replacement of MA" with
OcA" is achieved through a proton transfer mechanism,25 in which a
proton (H) is removed from MA" and accepted by a primary amine
molecule (OcA) (Figure S4).

XRD measurements were performed to study the structural
transformation of perovskite films. As shown in Figure 2B, the XRD
pattern of the pristine film (spectrum i) matched well with the
results of the 3D perovskite structure reported.27 Under OcA
treatment for 6 h, 3D perovskites were converted successfully into
2D perovskites (Figure 2B, spectrum ii). The small features
appearing at 4°, 8.2°, 12.5°, 21.0°, and 26.5° were related to 2D
(OcA),PbBr,, as reported in the literature.” As shown in spectrum iii
in Figure 2B, the XRD pattern of the 2D (OcA),PbBr, film treated
with MA for 6 h showed a new diffraction peak at 14.5° that
represented the 3D MAPbBr; crystalline structure. The reversible
structural change was consistent with the chemical shift of the
absorption edge for the perovskite samples observed. The
transformation between 3D MAPbBr; and 2D (OcA),PbBr, produced
a change in the absorption edges between 525 and 397 nm (Figure
2C).

To investigate further whether the cation exchange reaction
changed the film morphology significantly, top-view and cross-
section scanning electron microscopy (SEM) images of the
perovskite samples were obtained. Figures 3A-C show the SEM top-
view images of the as-synthesized MAPbBr; films and the films used
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Figure 3. Top-view (A-C) and cross-section (D-F) SM images of
MAPbBr; films deposited on a FTO substrate: (A and D), the pristine
film; (B and E), the film obtained after the exposure of OcA; and (C

and F), the film obtained after consecutive exposure to OcA and
MA.

in the forward and reverse reactions.

In the as-synthesized film, the MAPbBr; crystals had a cubic
shape with lateral sizes of ~3-5 um. Upon treatment with OcA
vapor, the cubic particles merged with adjacent particles and
formed larger (OcA),PbBr, particles, having a round shape.
Interestingly, subsequent exposure to MA vapor did not cause
complete recovery to the cube-shaped particles. The SEM cross-
section images of the perovskite films are displayed in Figure 3D-F.
As Figure 3D shows the as-synthesized MAPbBr; films had a
thickness of ~1.5 um. Furthermore, the SEM image in Figure 3E
shows that the thickness of the film increased upon OcA treatment.
This likely is due to the intercalation of the large molecules between
layers. In contrast, when the reverse reaction occurred, the
thickness of the perovskite films decreased (Figure 3F), suggesting
the formation of a 3D perovskite structure.

Based on our experimental findings, it is evident that the
reversible transformation of 3D-2D perovskite is triggered by an
equimolar cation exchange. A plausible reaction mechanism for the
reversible 3D-2D perovskites transformation through cation
exchange was proposed (Figure 4 and reaction S1). In general, the
structure of 3D hybrid perovskites is organized by the alternate
stacking of organic/inorganic layers through attractive ionic
interactions between the cationic and the (PbXs)A' parts. With the
addition of a long-chain ammonia cation (OcA’), the cation
exchange reaction occurs and the 2D layered perovskites are obta-
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Figure 4. Schematic of the reversible transformation of 3D-2D
perovskites. Steps 1 and 2 represent the forward and reverse
reactions, respectively.

This journal is © The Royal Society of Chemistry 2018

ined, which is associated with the production of PbBr, and
methylamine (Step 1 in Figure 4). However, no relative XRD features
in the OcA-treated perovskite film could be attributed to those of
PbBr,, which indicates the formation of an amorphous feature in
the Pb-Br solid.”’ In the reverse cation exchange reaction, the
substitution of OcA* with small molecules (MA®) occurred when MA
was introduced (Step 2 in Figure 4).

To summarize, reversible substitution reactions between MA*
and OcA* were investigated using an in situ AP-XPS technique. The
XPS analysis indicated that the presence of OcA triggered the
transformation of MAPbBr;to (OcA),PbBr, via a cation exchange
mechanism. We also demonstrated that the (OcA),PbBr, films can
revert to MAPDbBr; after exposure to MA. Furthermore, the XRD
patterns suggested a reverse conversion between 3D and 2D
perovskite structures. These results provide an essential
understanding of cation-exchange-induced transformation of
perovskites that might help exploit the unique properties of
perovskites to develop more tunable and high-quality materials
through post-synthetic modification.
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In situ XPS analysis shows that reversible transformation of 3D-2D perovskites can occur through
post-synthetic introduction of new cations.



