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The amine-induced very fast liquefaction and recrystallization (L&R) process on organic—inorganic hybrid
perovskites has been demonstrated to be an effective way to improve the quality of the as-deposited
MAPDI5 films and increase the feasibility of preparing large area perovskite solar cells (PSCs). Despite the
effectiveness, the reaction mechanism of the L&R process is yet to be well understood. In this work, we
investigate the fundamental influences of amines on the structural change of MAPbIs perovskite by
studying the reaction between ammonia and a bulk MAPbIs crystal. By employing various techniques
including in situ X-ray diffraction, Raman spectroscopy and Fourier transform infrared spectroscopy, we
find that NHsz effectively substitutes iodine in the perovskite crystal lattice, transforming the 3-
dimensional (3D) lattice into a MAPb(NH3),ls coordination complex-based system. The resulting
coordination complex octahedral structures are only held together by weak forces of attraction, leading
to the experimentally observed L&R process. First-principles calculations further confirm the feasibility of

such L&R at room temperature. As a proof of concept, we demonstrated the use of liquefaction for
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Accepted 20th June 2020 substrate recycling of MAPbIs based solar cells with ammonia. Our results here provide deep insights for
understanding the interaction mechanism, which can surely provide important guidance on improving

DOI: 10.1039/d0ta03995k the quality of perovskite films and related devices, as well as the recycling of toxic lead for long-term
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Introduction

Although the certified power conversion efficiency (PCE) of
perovskite solar cells (PSCs) has recently reached 25.2% in lab
scale devices," the device stability and large-area fabrication are
still critical issues for the commercialization of PSCs.” It is still
challenging to obtain pinhole-free uniform perovskite thin
films by using either solution-processed or vacuum-based
deposition techniques.*” Amines have been found to liquefy
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perovskite films (e.g. CH3;NH3PbI; film)*® and perovskite
precursors (e.g. Pbl, and CH;NH;I)'*** efficiently, while amine-
treated perovskites can recrystallize into a conformal solid film
upon the removal of amines. The liquefaction and recrystalli-
zation (L&R) process induced by amines enables precise control
of the morphology and expands the possibility of preparing
large area PSCs.*"” By applying the L&R process which lasts for
only several seconds, it has been demonstrated that various
amine gases, e.g. methylamine,® butylamine and pyridine,**
can effectively heal pinholes and the rough morphologies of
CH;NH;PbI; (MPI) films, thus leading to respectable improve-
ments in the process scalability, environmental stability,
reduction of interfacial defect density, and hysteresis of MPI-
based optoelectronic devices.®® 151820

Notably, the amine-induced L&R process has shown great
promise in overcoming the bottleneck for the preparation of
large-area perovskite solar cells. Chen et al. reported a new
methylamine (MA) gas related deposition route for MPI films. A
36 cm” module exhibiting an efficiency up to 12.0% has been
demonstrated using the L&R process alone, rather than the
commonly used solvent or vacuum film forming techniques.*
An advanced MA related dip-coating method has enabled the
fabrication of large-scale MPI modules (12 cm? aperture area)
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with an efficiency up to 16.0% and outstanding stability over
10 000 s under continuous output.””> Jeong et al. developed
a precursor solution obtained by liquefying an MPI crystal with
MA gas. A high-quality MPI based solar cell was then prepared
by scratch coating the precursor solution on a large area of 100
cm? and an average power conversion efficiency of 17.01% was
achieved.™

Despite the usefulness of the L&R process, the actual
working mechanism is still under debate and further explora-
tion is urgently needed. One major challenge in understanding
the reaction mechanism is that the reaction between amines
and MPI is too fast for detection with conventional means.*>**->*
This is particularly pronounced in common thin film solar cells
in which the MPI film thickness is usually only hundreds of
nanometres. Amines like NH; can easily penetrate through the
crystal boundaries in the polycrystalline film and liquefy the
crystal grains quickly. Indeed, Zhao et al.>* first revealed the
rapid bleaching of MPI film by NH; within a second, illustrating
the quick reversible phase transformation of the perovskite film
at sub-second response time. CH;NH,, another commonly used
amine, has also been shown to be capable of healing rough and
discontinuous MPI film within seconds.® The very short reac-
tion time makes it difficult to probe the structural change
during the intermediate steps. Another major challenge origi-
nates from the reaction complexity. In many cases, the final
products and reaction kinetics have strong dependence on the
type of amine involved as well as the reaction conditions. For
example, Huang et al.*® reported that NH; transforms MPI into
NH,4PbI; through proton transfer from CH;NH;" to NH; in the
compound.* This proton-transfer mechanism, however, is not
readily observed in the reactions between MPI and other elec-
tron donating molecules (EDMs).* Even now, there is no
consensus on the exact mechanism of how amines modify the
structure of MPI.

In this paper, we explore the mechanism and chemical
process of the L&R process in the reaction between MPI and
NH;, the simplest molecule in the amine family. Rather than
the polycrystalline thin films commonly used in solar cells,
millimeter-sized bulk MPI single crystals were utilized in this
study to extend the reaction time to tens of minutes by pushing
the reaction to the diffusion limited regime. The much longer
total reaction time enables us to clearly observe the structural
change of MPI during the process using in situ X-ray diffraction
(XRD) and Raman spectroscopy. The results indicate that a high
concentration of NH; facilitates the substitution of I~ with NH;
in the perovskite crystal lattice. This leads to the disintegration
of the interconnected Pbl, octahedral cages and transforms the
continuous 3D lattice into weakly interacting Pb(NH;),Is_,
coordination complexes. Fourier transform infrared spectros-
copy (FTIR) studies further confirm such substitution process
by revealing the liberation of CH;NH," and I" ions upon the
breakdown of the lattice and these species subsequently
interact with NH; to form CH;NH,I and NH,I. The coordination
complex octahedra, the by-products, and the dissolved excess
NH; are only held together by weak van der Waals forces, thus
leading to the L&R of the MPI crystal. Our first-principles
calculations demonstrate that the coordination process can
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reversibly occur spontaneously at room temperature, which
agrees with the experimental findings and verifies the proposed
model further. A flow chart can be found in the ESI{ for a better
understanding of our thoughts and organization of data. A
proof-of-concept demonstration was carried out to show the
potential application of the liquefaction process in the recycling
of MPI based solar cells. Notably, the solar cells fabricated on
the recycled conductive substrates and NiO, hole transport
layers exhibit similar performance to the control devices, which
clearly elucidates the viability of the liquefaction process in the
simple yet effective substrate recycling scheme. An in-depth
understanding of the reversible chemical and structural alter-
ations resulting from the exposure to amines and other EDMs
presented here can surely shed light on the development in the
precursor preparation of amine-MAPbI; complexes in large-
area PSCs, as well as the recycling of Pb for long-term
sustainability.

Results and discussion

Our investigation started with observing the change in
appearance of an MPI crystal upon ammonia exposure. Bulk
MPI crystals with millimeter-dimensions were used in our
study, as shown in Fig. 1. The MPI crystal was placed in an
ambient with continuous NH; supply at room temperature.
Fig. 1a—f show the evolution of the reaction at different periods
of time. After 5 minutes of NH; exposure, the originally dark
MPI crystal (Fig. 1a) became slightly yellow in color (Fig. 1b). In
addition, the edges between crystal facets became rounded and
a noticeable swelling of the crystal can be seen. The increase in
volume implies the incorporation of NH; into the crystal. As the
exposure time increases, the crystal transformed completely
into a yellowish liquid (Fig. 1c). Surprisingly, the yellow color
faded upon further exposing the sample to NH3, and the sample
turned into a glittering and translucent “liquid” (Fig. 1d). The
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Fig. 1 In situ optical microscopy images (5x magnification) showing
the L&R process of an MPI single crystal exposed to NHz (a—d) and the
solidification process of the intermediate product when NHsz is
degassed (e and f). The scale bar is 500 pum. (g) Pseudo in situ XRD
patterns showing the structural evolution of the MP| upon exposure to
NHs and NHz degassing.
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reaction complex was then flushed with N, to ‘degas’ the
incorporated NH;. The sample regained its yellowish color and
dented edges after 10 minutes (Fig. 1e) and finally turned back
into a greyish well-faceted oval-shaped solid (Fig. 1f). The
evolution series here illustrate that the reaction is reversible and
the sample can be recrystallized after the liquefaction induced
by NH;.

To confirm that the reaction is truly reversible, we employed
pseudo in situ XRD to monitor the change in crystal structure
during the process by using a homemade setup shown in
Fig. S1.7 NH3/N, can be injected/removed through the soft-gel
lid with a syringe to create a suitable ambient for the reaction.
To obtain strong enough diffraction signals, multiple MPI
crystals with random orientations were used in the in situ
investigation. Fig. 1g reveals a series of w—26 scans obtained at
different times. The peaks at 14.08°, 24.48°, 28.48°, 31.86°,
40.64° and 43.24° can be indexed to the 110, 202, 220, 310, 224
and 314 diffractions of MPI crystals, respectively.******” We can
observe that these characteristic peaks disappear gradually with
increasing exposure time in NH;, indicating the gradual
amorphization of the compound upon NH; incorporation. In
addition to the vanishing XRD peaks, the originally black
sample becomes yellow in color (see Fig. S37T), similar to what
we observed in Fig. 1b. After around 30 minutes of NH; expo-
sure, we cycle-purged the mini-compartment with N, to ‘degas’
NH; from the sample. A dramatic color change from yellow to
black can be observed (Fig. S371), signifying the conversion of the
reaction complex back to crystalline MPI. The change in color
agrees well with the w—26 scans in Fig. 1g in which most of the
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characteristic perovskite peaks reappear after the N, purge. The
peak at 14.08° shows a faster diminishing and recovery than the
other peaks, which could be due to the anisotropic reaction.
Notably, the 202 and 110 diffraction peaks cannot be fully
recovered even after prolonged degassing of NH;. Such obser-
vation may be attributed to the merging of the tiny crystal
particles of different crystal orientations during the L&R process
such that the crystals responsible for these two diffractions lose
their original crystal orientations when recrystallizing from the
liquid. Nevertheless, NH,PbI; and BA,Pbl, (BA = butylamine),
analogues of MPI, also display similar phenomena when
exposed to NHj; (see Fig. S5 and S6t). These observations clearly
demonstrate the reversibility of the ammonia treatment,
although the recrystallization process could lead to random
orientations without proper control of the recrystallization
conditions.

Although in situ XRD gives us direct proof for the L&R
process, the actual reaction mechanism is still unclear. In situ
Raman spectroscopy was therefore employed to study the
structural change of the compounds during the process, using
an environmental Raman stage standard accessory of our
Raman spectrometer. Fig. 2a shows a series of normalized
Raman spectra taken at different stages of the reversible reac-
tion at room temperature. Two dominant peaks can be observed
in all spectra in the series - one at 94 cm™* and the other one at
or below 50 cm™". The former can be assigned to the stretching
of Pb-I bonds while the vibrational modes below 50 cm™" are
related to the bending of I-Pb-I bonds.*® Fig. 2b shows the
intensity variation of these two types of vibrations with reaction
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Fig. 2 (a) In situ Raman spectra of MPI upon NH3z exposure and degassing. The variation of the Raman shifts describes the structural changes

during the reversible reaction between MPI and NHs. (b) lllustration of the peak intensity variation at 50 cm~* and 94 cm

~1 (c and d) Schematics

of the Pb(NH3),le_,, octahedron in the intermediate products of MPI when NH3 gets incorporated into the lattice of MPI. The schematic shows

how the substitution affects the symmetry of the octahedron.
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time. When NH; was injected, the intensity of the two modes
soared rapidly in the first 5 minutes and then reduced gradually
with time. After 28 minutes, we purged the mini-compartment
with N, to remove NH; from the atmosphere. The intensity of
the two modes rose briefly and then eventually dropped back to
avery low level similar to that of pristine perovskite. In addition,
one can observe two weak Raman bands at around 268 cm™*
and 306 cm ' which are related to the torsional modes of the
NH,R group (i.e. NH; in this case) and Pb-N stretching,
respectively.>*® These amine related vibrations clearly reveal
the incorporation of NH; into the lattice, which accounts for the
swelling of the MPI crystal displayed in Fig. 1a. These peaks only
appeared upon NH; injection and vanished gradually during
the N, purge. The evolution of the Raman spectra during the
NH;-N, cycle clearly shows the reversibility of the reaction,
which is in line with our observations in appearance and XRD
characterizations.

From the intensity variations of the characteristic Raman
peaks, one can deduce the structural change during the
reversible reaction. In the perovskite crystal lattice, each Pb-
atom is bonded to 6 I-atoms, forming an octahedral cage
structure with high symmetry. Such high crystal symmetry can
result in silent Raman modes and weaken the overall Raman
signal. Therefore, the two dominant Raman peaks corre-
sponding to the bending and the stretching of the Pb-I bonds
are very weak in pristine MPI. After 5 minutes of NH; exposure,
the two Pb-I related bands rise dramatically, as seen in Fig. 2a
and b. This is accompanied by the emergence of the Pb-N
stretching mode at 268 cm ™', which can be attributed to the
formation of dative covalent bonds between NH; and Pb.*® The
implication of these observations is that NH; molecules, after
getting incorporated into the MPI lattice, substitute I in the
octahedral cage and transform the structure into a coordination
complex.”” This process, as illustrated in Fig. 2c, breaks the
interconnections between adjacent octahedral cages and upsets
the symmetry of the original perovskite lattice structure, thus
leading to the surge in Raman signals. As the exposure time
increases, however, these three characteristic Raman peaks
weaken because the continuous supply of NH; facilitates the
further replacement of Pb-I bonds with Pb-NH; dative bonds.**
Although more Pblg octahedral cages are disconnected from
their neighbors, each individual coordination complex octahe-
dron becomes more symmetric upon increasing the number of
coordinated NH; molecules (See Fig. 2d for an illustration). The
gradual recovery of symmetry leads to a drop in scattering signal
with exposure time. Interestingly, the NH,R (i.e. NH; in our
case) related vibration at 268 cm ™' does not appear until over 20
minutes of NH; exposure and it overtakes the Pb-N scattering
mode afterwards, as seen in Fig. 2a. Such trend reveals that at
the later stage of the reaction, most Pb-ions have already coor-
dinated with a maximum number of NH; molecules and thus
the subsequently incorporated NH; can only exist as molecules
or NH," ions in the liquefied sample. The dissolution of
excessive NH; at the end of the reaction is probably the reason
for the fading of the yellow color in Fig. 1d. We note that the Pb—
I bending and stretching bands always show up even after
prolonged exposure of NHj;. This indicates that Pb-I bonds
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should still exist in the final coordination complex. As such, the
most probable structure with the highest coordination number
is Pb(NH;3),l,, which exhibits the highest symmetry as well as
charge neutrality. Indeed, our theoretical calculations do show
that the formation of Pb(NHj;),I, is energetically favorable and
this will be discussed in detail shortly. When NH; was removed
from the reaction ambient at ¢ = 30 min, the NH,R related peak
reduced in intensity while the other three characteristic peaks
grew stronger. This implies the vaporization of the dissolved
NH; from the liquefied perovskite and the gradual conversion of
the Pb(NH3;),Is_, coordination complex back to interlinked Pbl,
octahedral cages. Finally, after a prolonged N, purge, the
sample solidified again and exhibited a weak Raman spectrum
similar to that of the pristine MPI crystal, signifying the recovery
of the highly symmetric perovskite crystal structure. The in situ
Raman spectrum series here clearly demonstrate the reversible
transformation between the Pblg octahedral cage based lattice
structure and Pb(NH3),ls_, coordination complex, which gives
us great insight for understanding the mechanism of the L&R
process.

Notably, our observation here is quite different from
a previous model proposed by Huang et al."®* who observed the
reaction between MPI and NH; using pseudo in situ X-ray
photoelectron spectroscopy. In their model, NH; displaces
CH;NH, in MPI to form NH,PbI; in which the Pblg octahedral
cages are well preserved. To verify this discrepancy, we synthe-
sized NH,PbI; powder and compared its Raman spectrum (see
Fig. S2b¥) with the spectra taken iz situ in this work. Indeed, the
characteristic bands at 99, 117 and 174 cm™* in NH,PbI; are
either very weak or absent in the Raman spectra in Fig. 2a. This
indicates that NH,PbI; is not formed during the reversible
reaction in this work. The origin of such discrepancy can be
attributed to the high concentration of NH; used in this work,
which facilitates the formation of the Pb(NHj),ls_, coordina-
tion complex rather than cation exchange at low NH;
concentration.

The incorporated NH; interacts with not only Pb(u) ions, but
also other species in the MPI crystal. FTIR measurement with an
attenuated total reflectance accessory was conducted to study
the interactions. Fig. 3 displays the FTIR spectra of pristine and
liquefied MPIL. We note that the feature peaks highlighted by the
blue dotted line in the spectrum of pristine MPI are consistent
with other previous studies.”® Comparing the two spectra, one
can observe the appearance of several new features in the lig-
uefied sample. Among the additional peaks, the ones at 3245
and 3315 cm™ ' can be assigned to the symmetric and anti-
symmetric stretching modes of NHj, which confirms the
incorporation of NH; into the lattice. In addition, the symmetric
CH; bending at 1388 cm ' as well as the symmetric and
asymmetric NH;" stretching at 3132 and 3179 cm™ ' stand out
after NH; exposure. These can be attributed to the release of
CH;NH;" from the perovskite motif during the disintegration of
the interconnected Pbls octahedral cage structure.***** The
peak at 3012 cm™* belongs to the absorptions of NH,", which
gives a clue to the protonation of NH; via proton exchange
between CH;NH;" and NH;.2 Such proton exchange process is
also observed between CH;NH,;' and other amines.’ These

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 FTIR spectra of (a) pristine MPI and (b) ammonia treated MPI.
The differences between the two spectra illustrate the liberation of
CH3NHz* in the NH3 treatment process.

results not only confirm the liberation of CH;NH;" during the
decomposition of the interconnected cage structure, but also
demonstrate that proton exchange can occur between NH; and
CH,;NH,".

The formation of a coordination complex leads to the
rupture of the interconnected cage structure and the liberation
of the originally fixed CH;NH;" and I™ ions. The latter may react
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with other cations, e.g. CH;NH;' or NH,', to form new
compounds or remain as mobile ions. However, these species
are hard to detect due to their relatively weak vibrations in
liquid form. Therefore, we solidified the reaction complex to
obtain a relatively ordered structure for better Raman signals.
By putting the perovskite crystal in an NH; ambient for over 48
hours, the reaction can reach an equilibrium such that the
liquid can be coagulated into a yellowish solid, as illustrated in
the inset of Fig. 4a. Raman spectroscopy was performed while
the solid was still sealed inside the NH; atmosphere. Notably,
its Raman spectrum in Fig. 4a shows great similarity with the
spectra obtained from the liquefied MPI after 10 and 15 minutes
of NH; exposure, i.e. the blue and pink curves in Fig. 2a. This
implies that the yellowish solid should be in the early phase of
the NH; coordination process. When the NH; concentration in
the ambient increases, it takes a much longer time (over 96
hours) for the liquefied MPI to solidify and the final product
becomes a white solid instead, as seen in the inset of Fig. 4b.
From the resemblance between the Raman spectrum obtained
from this white solid (see Fig. 4b) and that obtained from lig-
uefied MPI after 25 minutes of exposure (the deep blue curve in
Fig. 2a), one can deduce that the white solid is a product of the
later reaction stage. We note that the characteristic Raman
peaks are much sharper in the two solidified samples such that
some weaker peaks, which are indistinguishable from the
dominant peaks in Fig. 2a, can also be identified clearly. These
new features include the bands at 66 and 121 cm ™" (appears as
a shoulder of the main peak at 108 cm ') in Fig. 4a and the
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(a) Raman spectrum of the solidified sample when MPI is placed in NHz for over 48 h (the inset is a photo of the sample). (b) Raman

spectrum of the solidified sample when MPI is placed in NH3z for over 96 h (the inset is a photo of the sample). (c) Raman spectrum of NHyl
powder and (d) CHsNH3l powder. The presence of NH4l and CHzNHsl in the sample indicates the liberation of I~ and CH3sNH3* ions during the

coordination process.
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bands at 80 and 120 cm ™" in Fig. 4b. To identify the origins of
these new features, we measured the Raman spectra of
commercially available NH,I and CH3;NH;I, as illustrated in
Fig. 4c and d, respectively. The bands at 66 cm™" in the yellow
solid and 80 cm™! in the white solid can be attributed to NH,I
while the one at around 120 cm ™' in both solids should be
related to CH3NH;I. The slight mismatches in peak wave-
numbers are likely due to an error in resolving the weak peaks
from the dominant ones, as well as the shift in vibrational
resonances as a result of the interactions between NH,I/
CH;3NH;I and the surrounding Pb(NH;3),ls_, coordination
complex. Nevertheless, the results here indicate the presence of
NH,I and CH;NH;I in the solidified samples and this confirms
the liberation of I~ and CH;NH;" ions during the coordination
process.

Based on the observations described above, we believe that
the reaction between MPI and NH; involves the substitution of I
with NH; which leads to the transformation of the 3D inter-
connected Pbl, octahedral lattice into a Pb(NHj3),ls_, coordi-
nation complex based structure. To validate the legitimacy of
the proposed model, first-principles calculations were per-
formed. Details of the structure models, simulation parameters
and methods can be found in the ESI.} As discussed, MPI
possesses a perovskite structure consisting of interconnected
Pbl, octahedral cages, which fix the CH;NH;" ions in place, as
displayed schematically in Fig. 5a. Our calculations started with
putting NH; molecules into the tetrahedral sites of the perov-
skite lattice unit cell and the structure was subsequently
allowed to relax to the lowest energy state. Fig. 5b illustrates the
fully relaxed structure with one NH; molecule incorporated into
the Pbls octahedron. The structure clearly shows the substitu-
tion of I with NH; in each Pblg octahedral cage, which is in
excellent agreement with our proposed model. Notably, the
substitution process partially breaks the Pb-I-Pb interlinks
among neighboring Pbls octahedral cages and the newly coor-
dinated NH; only interacts very weakly with neighboring octa-
hedra. Such weak interaction is evident from the very long
calculated distance between neighboring I and H in adjacent
Pb(NH;)I; octahedra (see the ESIT for details). At high
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concentration of NHj3, the substitution can go further and the
number of coordinated NH; molecules can increase from 1 to 4
(see Fig. 5b-e). Once the maximum coordination number, i.e. 4,
is reached, any excess NH; can only exist as free molecules or
NH,I in the structure, as observed in Fig. S14.1 In the later stage
of the reaction, most of the Pb-I-Pb interlinks would be
replaced by weak van der Waals interactions among the coor-
dinated Pb(NHj;),I, octahedra. These weak forces of attraction
are unstable against thermal fluctuations, thus favoring the
Pb(NH;),I¢_, complex structure to exist in liquid form at room
temperature. In addition, the calculated structures in Fig. 5b-e
also confirm the liberation of I” and CH;NH;" ions as a result of
the disintegration of the 3D lattice. These species may exist as
ions or interact with NH; to form CH3;NH,, CH;NH;I and NH,I.
Notably, these molecules are quite uniformly spread out in the
entire structure and are held together with the coordination
complex octahedra by weak van der Waals forces. An implica-
tion of this model is that neither NH,I nor CH;NH;I will be able
to form a complete crystal structure by themselves even when
the complex structure is solidified. This can be verified by
comparing the XRD spectrum of the white solidified sample
with those of NH,I and CH;NH;I. As shown in Fig. S4,t the three
spectra are completely different from one another, confirming
that the solidified sample does not contain the conventional
phases of NH,I and CH3;NH;I. Therefore, we believe that the
NH,I and CH;NH;I molecules are uniformly distributed in the
lattice formed by Pb(NHj;),Is_,, which facilitates the recrystal-
lization of the MPI perovskite structure upon removal of NH;.
Based on the mechanism described above, we evaluate the
reaction feasibility by estimating the formation energies of the
coordination complexes. Table S37 displays the formation
energies of MAPb(NH3;),I¢_,, with n varying from 1 to 5. The
formation energies of all the MPI-n(NH3) systems are positive
with values ranging from 0.284 to 0.358 eV per NH;, which
means that the formation processes are endothermic. Despite
the endothermic nature of the reaction, our calculated forma-
tion energies, varying between 0.071 and 0.090 eV per atom, are
still well below the criterion of 0.1 eV per atom, which is the
exfoliation energy that has been established from the analysis of

Fig. 5 Schematic diagrams illustrating the structural evolution process of MPI in an NH3 ambient based on first principles calculations. (a) The
structure of pristine MPI, and (b—e) the fully relaxed structure with one (b), two (c), three (d) and four (e) NHz molecules incorporated into the Pblg
octahedron, respectively. The 2 x 2 x 2 matrix schematics describe the spatial relationship and the bond connection between the adjacent
octahedral cages. The lattice structure is disintegrated gradually when NHz molecules come into the lattice and interact with the lead atom. The
single octahedral schematics show how the NHz molecules come into the octahedral cages and gradually replace |.
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Fig. 6 /-V curves of (a) the control device with a PCE of 18.28% and (b) a device based on the recycled substrate with a PCE of 17.83%.

thousands of solids for the formation of stable 2D layers.** The
extremely low formation energies signify the easy formation of
the CH3;NH;PbI;-n(NH;) systems. Small values of formation
energies for the CH;NH;PbI;-n(NH3) systems also imply the
reversibility of the reactions. The theoretical results exhibit
excellent agreement with our experimental results and this
unambiguously validates our proposed reaction mechanism
that involves the reversible transformation of the rigid 3D
perovskite lattice into weakly attracting coordination complex
systems.

Notably, the L&R investigated here is highly selective to
organic-inorganic hybrid perovskites. This implies that we can
potentially use amines to extract and isolate the active layer
from other functional layers and substrate in a full solar cell
structure, thus paving the way towards the recycling of Pb-
containing perovskites as well as the expensive ITO or FTO
based conductive substrates with the functional layers
attached. As a preliminary attempt, we applied the liquefaction
process on an MPI solar cell with a structure of ITO/NiO,/MPI/
PCBM/BCP/Ag. The MPI layer remains well attached to other
functional layers even after being liquefied by NH;. Therefore,
to increase the fluidity, ammonia solutions are used in the
demonstration, so the active layer can be readily dissolved such
that the NiO, coated ITO substrate can be easily recovered from
the device. The same solar cell structures were then fabricated
on the recovered substrates. Fig. 6 shows the photovoltaic
characteristics of the devices fabricated on fresh and recycled
substrates. The PCE of the control device is at 18.28% (Fig. 6a),
which drops slightly to 17.83% in the MPI solar cell re-
constructed on the recycled ITO/NiO, substrate (Fig. 6b). The
role of water in the recycling process can be seen directly in
Fig. S7c and d.T Although water is well known for its capability
in decomposing MPI, the MPI layer cannot be well dissolved
and the substrate cannot be extracted even when the device is
dipped into water for a prolonged period of time. In sharp
contrast, the dissolution of MPI happens immediately in
aqueous ammonia, and a clear substrate can be obtained in
20 min. To further show that ammonia is the active ingredient
for the substrate recovery process, isopropanol was used
instead of water as the solvent. Similar recycling proficiency
was achieved in terms of solar cell performances (Fig. S7 and
Table S1f). Some other amines or their solutions, e.g.

This journal is © The Royal Society of Chemistry 2020

methylamine (MA)/ethanol, ethylamine (EA)/ethanol and
butylamine (BA) were also used for the demonstration of the
amine-assisted recycling. Details about the partially recycled
device performance parameters can be found in the ESI (Fig. S7
and Table S1t). The preliminary results here demonstrate
a simple yet efficient method of recycling the expensive ITO
substrate without organic solvents with high boiling points,
which would be an important first step in the complete and
low-cost recycling of perovskite based solar cells for long-term
sustainability.*

Conclusions

In summary, we investigated the L&R process of MPI in an NH;
ambient. With the use of in situ XRD, Raman spectroscopy and
FTIR, we observed that at a high concentration of NH;, MPI
underwent a significant structural change which involved the
substitution of I with NH; in the perovskite crystal lattice. Such
substitution transforms the original 3D crystal into an
MAPDb(NH3;),I; coordination complex in which the Pb(NHj3),Is_,,
octahedral structures are only held together by weak van der
Waals forces of attraction, thus resulting in the observed L&R
process. The feasibility of this reaction mechanism is further
validated by first-principles calculations. A preliminary
demonstration showed the potential application of ammonia in
recycling MPI based solar cells. The performance of the devices
with recycled device parts is almost identical to that of the
control devices. This unprecedented understanding paves the
pathway towards the development in the precursor preparation
of amine-MAPbI; complexes in large-area PSCs, as well as the
recycling of Pb in MPI for long-term sustainability.

Experimental section

Materials

CH,NH,I (MAI), CH;CH,CH,CH,NH;I (BAI) and Pbl, were
purchased from Xi'an Polymer Light Technology Corporation
and were used without further processing. NH,I was purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
Ni(NOs),-6H,0 was purchased from Alfa. MPI single crystals
were grown in solution via the temperature-lowering (TL)
method as described in our previous work.>®
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Characterization

The XRD measurements were carried out in a Rigaku Smart Lab
system (Japan). Raman spectra were recorded using a confocal
laser Raman spectrometer (Lab RAM HR Evolution, Horiba,
Japan) with a 473 nm solid-state laser as the excitation source.
FTIR spectra were measured using a VERTEX 70 FTIR spec-
trometer (Bruker, Germany) with an ATR accessory.

Theoretical calculations

First-principles calculations were performed within the Vienna
Ab initio Simulation Package (VASP),** based on Density Func-
tional Theory (DFT). The projector augmented wave (PAW)
method®” was employed to describe the interactions between
the ionic cores and valence electrons, with the valence electrons
employed being 6s%6p?, 55°5p°, 2s*2p?, 2s%2p?, and 1s* for Pb,
I, N, C, and H, respectively. The correlation and exchange
interactions were described by the generalized gradient
approximation (GGA) parametrization of Perdew-Burke-Ern-
zerhof (PBE) functionals.®®

More experimental details, e.g. in situ measurement setups,
fabrication and performance of the perovskite solar cell and
theoretical calculations, can be found in the ESL{
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