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ABSTRACT. A two-dimensional hybrid coordination polymer [Pb(CH3NH2)I2]n featuring a 

well-defined layered structure is reported for scalable perovskite ink and deposition. This 

coordination polymer exhibits structural, spectroscopic, and physicochemical properties distinct 

from common PbI2 perovskite precursors. Notably, it serves as a methylamine “gas carrier” 

capable of liberating methylamine (CH3NH2) into the precursor solution, thus improving the 

solubility of perovskite in unconventional, greener processing solvents, such as acetonitrile. The 

purity of [Pb(CH3NH2)I2]n single crystals and the ability of the precursor to reduce sources of 

defects such as polyiodide species in solution allow the formation of high quality perovskite 

films. This eventually results in efficient and stable devices, fabricated via single step anti-

solvent-free deposition method, transferable to large-area slot die coating. Gram scale synthesis 

of this unique lead precursor is demonstrated, essential for the scale-up of perovskite 

photovoltaic technology.  
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Since the first report as a solar absorber in 2009,1 three-dimensional (3D) halide perovskites 

have experienced a meteoric rise, resulting in solar cells of over 25% certified power conversion 

efficiency (PCE).2 Coupled with solution-based low-cost fabrication methodologies, such a rise 

has been made possible by the confluence of good optoelectronic properties, such as a suitable 

bandgap, large absorption coefficient,3 low exciton binding energies,4 long electron and hole 

diffusion lengths5 with sufficient mobilities,6 and absence of deep traps in the bandgap.3 As a 

consequence, after less than a decade of intense research, halide perovskite solar cells are being 

evaluated as a viable technological alternative.7-8 This tremendous progress has, however, been 

accompanied by the use of strongly coordinating, high boiling point solvents such as 

dimethylformamide (DMF), dimethylsulfoxide (DMSO), γ-butyrolactone (GBL) and N-Methyl-

2-pyrrolidone (NMP),9-13 which could become a major barrier to large scale manufacturing 

owing to the solvent handling and toxicology issues associated with them.14-15  

Various scalable processing techniques have been explored to achieve uniform and high-

quality perovskite films. Zhu and co-workers,10 for example, demonstrated additive engineering 

and solvent tuning of the perovskite precursor ink which enabled a wide precursor-processing 

window and a rapid grain growth rate. Coupled with anti-solvent extraction process, the method 

was able to deliver perovskite films with large-scale uniformity. Utilizing different strategy, 

Tarasov and co-workers16 showed perovskite conversion via polyiodide melts route where they 

employed a nanoscale layer of metallic Pb coated with stoichiometric amounts of iodide salts 

before subsequent exposure to iodine vapor. The instantly formed polyiodide liquid converts the 

Pb layer into perovskite films coated on big area substrates. 

Apart from the two routes, deposition processes involving CH3NH2 gas have also been 

reported.17-18 Such approach is particularly appealing because not only does CH3NH2 improve 
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the perovskite solubility in unconventional greener solvents, such as acetonitrile (ACN) and 

tetrahydrofuran (THF),19-20 but it can also enhance the quality of the perovskite layers being 

fabricated. For example, Qi and co-workers21 reported a scalable fabrication method of 

methylammonium lead iodide perovskite (MAPbI3) by sequentially exposing the pre-formed lead 

iodide (PbI2) thin films with CH3NH2 and hydroiodic (HI) vapors. It was shown that such a gas-

induced reaction enabled the successful preparation of smooth and uniform perovskite films. Han 

and co-workers22 further showed that prolonged exposure of PbI2 and methyl ammonium iodide 

(MAI) with CH3NH2 gas, resulted in complexes of PbI2:CH3NH2 and MAI:3CH3NH2, in paste 

and liquid forms, respectively. CH3NH2 gas was found to be easily released from the resulting 

complexes at low temperature (<50°C) because they were, presumably, formed as a result of 

weak intermolecular interactions between CH3NH2 and PbI2 or MAI. Nonetheless, mixing of the 

two species eventually yielded “liquified” MAPbI3 that could be deposited in large-area 

substrates. Very recently, similar method was demonstrated by Park and co-workers20 where pre-

grown MAPbI3 single crystals were exposed to CH3NH2 gas to undergo “pseudoliquefaction via 

physisorption”. Further dissolution of the liquified crystals in ACN then made it possible for 

perovskite deposition using D-bar coating method.  

All the aforementioned precedent reports, nonetheless, have relied on PbI2 as the perovskite 

precursor material.19-22 Furthermore, despite evidence pointing to the positive effect of CH3NH2 

in perovskite fabrication, the ability of this organic molecule to coordinate with Pb2+ has not 

been explored for the development of new perovskite precursors. Since PbI2 is sparingly or 

completely insoluble in weakly-coordinating solvents,23 this posits a major problem to the 

utilization of unconventional solvents in perovskite fabrication. As a result, large quantity of 

perovskite precursor ink preparation in such solvent systems has been rarely demonstrated. 
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We propose that the aforementioned problem can be addressed by exploiting the coordination 

chemistry of the CH3NH2 gas itself. In principle, due to the basicity of the amine group, it is 

feasible for CH3NH2 molecule to bind (i.e. form covalent bond as opposed to weak 

intermolecular interaction) to Lewis-acidic Pb2+ metal center, leading to a possible formation of a 

new class of compound. Indeed, this is what has been observed in other systems: hybrid 

polymeric adducts of PbI2 with coordinating solvents DMF and DMSO (dimethylsulfoxide) have 

been isolated and identified as key intermediates of the perovskite crystallization.24-25 As such, 

we postulate that the incorporation of CH3NH2 into the PbI2 structure through formation of 

covalent bond should be achievable under certain condition, leading to “trapping“ of this gas 

molecule in the iodoplumbate lattice. Following that, we then prepared concentrated solutions of 

PbI2 and MAI in a mixture of CH3NH2, ethanol, and ethyl acetate under inert condition (see SI 

for details) to initiate the reaction between CH3NH2 and [PbI6]4-. Leaving the solutions standing 

for at least 24 h, free from disturbances, eventually resulted in big yellow colored single crystals 

with reasonable yield (over 70% relative to Pb2+.) 

X-ray crystallographic analysis of the compound formed, [Pb(CH3NH2)I2]n, yielded a well-

defined structure displayed in Figure 1a. (See SI for the associated crystallographic, refinement 

data and a more detailed discussion of its crystal structures.) The compound features two-

dimensional (2D) “corrugated” polymeric layers that comprises [Pb(CH3NH2)I4]-2 monomers. 

The Pb2+ ions therein are five coordinate and the resulting square pyramids connect to one 

another via the bridging I- ions in edge- and vertex-sharing fashions. Such coordination geometry 

exhibited by Pb2+ in [Pb(CH3NH2)I2]n is very rare and we are aware of only 1 precedent report of 

hybrid lead iodide-based coordination polymer exhibiting similar geometry (out of the more than 

60 examples reported in the Cambridge Structural Database.)26 The more common six coordinate 
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are found, for examples, in coordination complexes of iodoplumbates with DMF, DMSO, or 

pyridines.24-25, 27-28 This newly formed single crystalline compound is termed [Pb(CH3NH2)I2]n in 

order to highlight its continuous 2D structure and to differentiate it from other discrete lead-

centered coordination complexes that have been published earlier.29-31  

Our compound also represents the first example of organoiodoplumbate coordination polymer 

where monoamine is used as the organic ligand. CH3NH2 coordinates strongly to the metal 

center with Pb-N bond distance being 2.452 Å. Such strong coordination of the amine 

functionality is accentuated by the thermal stability of the complex. As shown in thermal 

gravimetric analysis (TGA) plot of [Pb(CH3NH2)I2]n, degradation corresponding to the release of 

CH3NH2 gas does not occur up to 100oC (Figure S1). The [Pb(CH3NH2)I2]n single crystals can 

be obtained in high purity (see SI for elemental analysis) and most importantly, it can be isolated 

in a big amount as a bulk. Figure S2 shows of around 25 g of isolated [Pb(CH3NH2)I2]n. The 

purity of resulting bulk is further confirmed using powder X-ray diffraction (PXRD) carried out 

under inert condition. As shown in Figure 1b, the PXRD pattern of synthesized crystalline 

[Pb(CH3NH2)I2]n is well in agreement with the material’s simulated RT PXRD pattern. 
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Figure 1. a) Single crystal X-ray structure of “2D” organometallic polymer [Pb(CH3NH2)I2]n as 

viewed along the a-direction. Ellipsoids are shown at 50% probability. b) PXRD patterns of bulk 

[Pb(CH3NH2)I2]n at RT. For comparison, the simulated RT PXRD pattern is included. Further 

XRD patterns comparison between bulk [Pb(CH3NH2)I2]n and those calculated for PbI2, MAI, 

and MAPbI3 are presented in Figure S14. c) FT-IR spectrum of [Pb(CH3NH2)I2]n (top) in 

comparison to that of PbI2 (bottom). d) 207Pb solid-state NMR spectra of [Pb(CH3NH2)I2]n (top) 

and PbI2 (bottom), under MAS frequencies of 15 and 12 KHz respectively, alongside their 

simulated line-shapes. 
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As a result of coordination of CH3NH2 to Pb-I lattices, our compound exhibits spectroscopic 

features that are distinctive to those of the more commonly used perovskite precursor, PbI2. For 

example, due to the presence of CH3NH2, organic fingerprint can noticeably be observed in 

[Pb(CH3NH2)I2]n from its Fourier-transform infrared (FT-IR) spectrum, a feature that is 

otherwise absent in PbI2 (Figure 1c). The differing coordination environments of Pb in 

[Pb(CH3NH2)I2]n in comparison to PbI2, can also be discerned using solid-state (SS) NMR 

measurements (Figure 1d). Particularly, the 207Pb SSNMR spectrum of [Pb(CH3NH2)I2]n 

contains a single resonance at 905 ppm, whereas that of 207Pb in PbI2 falls at -10 ppm.32-33 In 

addition, unlike PbI2 which exhibits a Gaussian-shape resonance, asymmetry in its line-shape can 

be observed in that of [Pb(CH3NH2)I2]n as a result of the reduced symmetry about its Pb atom 

coordination geometry, in comparison to the octahedral Pb-I configurations in PbI2. (See SI for 

further discussion and details regarding SSNMR features of [Pb(CH3NH2)I2]n.) Variation in the 

spectroscopic properties is also apparent with organic CH3NH2 in [Pb(CH3NH2)I2]n. As can be 

seen in its 13C SSNMR spectrum, a single resonance, owing to the methyl functionality, at 35 

ppm is yielded (Figure S3). Such resonance has a distinct chemical environment in comparison 

to that in MAI where resonance at 29 has been reported.34-35 The downfield shift suggests that, 

relative to ammonium group, the bonding with Pb+2 by the N atom results in a more withdrawing 

environment for the C atom in CH3 functionality. 

In order to exploit the “trapped“ CH3NH2, we then utilized [Pb(CH3NH2)I2]n as the precursor to 

fabricate perovskites utilising weakly coordinating solvents such as ACN. A black suspension 

was obtained with MAI and PbI2 in ACN solvent, even with concentration as low as 100 mM. 

Intriguingly, in comparison to conventional PbI2, the presence of extra CH3NH2 gas molecule 

originating from [Pb(CH3NH2)I2]n precursor is found to increase the perovskite solubility. As 
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shown in Figure 2a, a clear solution could be obtained by mixing [Pb(CH3NH2)I2]n  and MAI in 

ACN. As such, [Pb(CH3NH2)I2]n can be seen as the “CH3NH2 gas carrier” that is capable of 

liberating CH3NH2 upon dissolution. The [Pb(CH3NH2)I2]n precursor was also found to be 

capable of improving the perovskite solubility when we attempted to introduce more CH3NH2 

gas into suspensions containing [Pb(CH3NH2)I2]n and MAI (see SI for details) with molar 

concentration higher than 100 mM.19 In particular, we observed a much faster dissolution 

process in comparison to when PbI2 was used as a precursor. This observation became more 

apparent when higher concentration or huge amount of solution was used. For example, with our 

set-up, in order to dissolve 0.50 M of 35 mL of solution, typically 5 hours are required to get 

clear solution with PbI2 and MAI starting precursors. Replacing PbI2 with [Pb(CH3NH2)I2]n, by 

maintaining the flow and stirring rate for equal comparison, the dissolution time was reduced to 

around 1.5 hours (Figure S4). This, as mentioned previously, can be attributed to the extra 

CH3NH2 molecule that is “carried” by the compound (Figure 2b). 
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Figure 2. a) Vials of perovskite precursors CH3NH3I : PbI2 (1 : 1 molar ratio) in ACN (left, 100 

mM), and CH3NH3I : [Pb(CH3NH2)I2]n (1 : 1 molar ratio) in ACN (right, 100 mM). b) Schematic 

illustration showing faster dissolution of CH3NH3I : [Pb(CH3NH2)I2]n in ACN due to release of 

CH3NH2 gas carried by [Pb(CH3NH2)I2]n. c) Schematic illustrations for spin coating and slot-die 

coating perovskite deposition processes using precursor ink containing [Pb(CH3NH2)I2]n, along 

with the photographs of the resulting MAPbI3 films deposited on 10 × 10 cm2 substrates. 

 

The ability of our compound to provide faster solubilization of perovskite eventually allowed 

us to prepare sufficient amount of ink needed for fabrication of large perovskite films, such as 
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via spin- and slot-die coating processes (Figure 2c; Movies S1 and S2). Coupled with the fast 

evaporation of the solvent, perovskite films featuring fully covered, pin-holes-free, uniform 

morphology can be obtained on large area substrate at room temperature without the need of 

anti-solvent (Figures 2c and 3a). Specifically, glancing-angle X-ray diffraction (GAXRD) and 

UV-vis absorption carried out on slot-die coated large area films that are divided into eight 

smaller samples, suggest the homogeneity of the perovskite layer fabricated (Figure S5). On the 

contrary, under the same experimental parameters (see SI), very thin and opaque films were 

typically obtained from perovskite ink composed mainly of DMF as the solvent (Figure S6). 

This points to the importance of low boiling point and low coordinating capability of ACN in 

forming high quality perovskite at ambient condition. Thus, we foresee a potential use of our 

compound for the scale-up of the perovskite ink when the required amount of ink is huge. 
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Figure 3. a) Schematic illustration of perovskite formation process based on precursor ink based 

on [Pb(CH3NH2)I2]n. b) Schematic diagram of the planar perovskite solar cell structure 

implemented in our study fabricated via one-step, anti-solvent-free spincoating method. c) Power 

conversion efficiency distribution of solar cells fabricated from on precursor ink based on 

[Pb(CH3NH2)I2]n. d) J-V characteristics and e) IPCE spectrum and integrated current density of 

the best performing device fabricated from ink based on [Pb(CH3NH2)I2]n. Inset in the panel d 

shows MPP tracking under constant illumination of an unencapsulated device in nitrogen 

atmosphere at RT. Light-intensity-dependent of f) JSC and g) VOC behavior of corresponding best 

performing solar cell. 

 



 13 

To evaluate the [Pb(CH3NH2)I2]n precursor ink, fabrication of perovskite solar cells (via one-

step, anti-solvent-free spincoating method) in an “n-i-p” configuration with planar tin oxide 

(SnO2) electron- transporting layers and Spiro-OMeTAD hole transporter was carried out 

(Figures 3a-b, see SI for details). A very thin layer of [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) was used as passivation layer at the interface between SnO2 and perovskite, as 

previously reported.36 Statistical representations of each photovoltaic parameter for the resultant 

25 devices are depicted in Figures 3c and S7, which confirms the reproducibility of the device 

fabrication process. In particular, the devices fabricated with our perovskite ink yielded an 

average PCE of 16.60% with average open-circuit voltage (VOC), short-circuit current density 

(JSC), and fill-factor (FF) of 1.08 V, 20.38 mA cm-2, and 75.08%, respectively, when measured 

under a simulated air mass (AM 1.5) of 1 sun illumination (100 mW cm-2). Current density-

voltage (J-V) characteristic of the best performing device is further presented in Figure 3d. VOC, 

JSC, and FF of 1.110 V, 21.16 mA/cm2, and 0.77, respectively, are observed in the reverse scan 

direction, yielding to PCE of 18.00%, while VOC, JSC, and FF of 1.105 V, 21.21 mA/cm2, and 

0.74, respectively, are recorded in the forward scan direction, resulting in PCE of 17.21%. 

Maximum powerpoint tracking (MPPT) under constant light illumination was also performed 

over a period of 5 hours to obtain the stabilized efficiency of the fabricated device (inset of 

Figure 3d). 
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Figure 4. a) Surface morphology view of FE-SEM image of the perovskite films deposited from 

the precursor ink containing [Pb(CH3NH2)I2]n. b) GAXRD patterns of the fabricated perovskite 

film. Inset shows the (100) peak of 2θ = ca. 14.14o. c) Time-resolved PL decay spectra of the 

fabricated perovskite film. d) Absorption spectra of solutions containing CH3NH3I : 

[Pb(CH3NH2)I2]n (1 : 1 molar ratio) in ACN in different concentrations. The experiments were 

kept at 1.5 mM to prevent saturation of the signal at high energy region, such that the ratio 

between each of the peaks can be discerned clearly. The assignment of the peaks is based on refs. 

37-40. 

 

Notably, the obtained efficiency figures are on par with MAPbI3 devices fabricated from 

similar green solvent system where pristine PbI2 was used as starting precursor (Figure S8 and 

refs. 19-20, 41-43 for other reported works). This indicates that utilization of the as synthesized 
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[Pb(CH3NH2)I2]n in the precursor ink does not compromise the overall device performance. The 

corresponding typical incident-to-photon-efficiency (IPCE) spectrum that shows an integrated 

JSC of 20.52 mA/cm2 is also shown in Figure 3f, which highlights the consistency of current 

density being obtained from our fabricated devices. The charge carrier recombination within the 

device was further investigated by measuring the light intensity dependent behavior (measured 

from 100 to 10 mW cm-2) of the device’s JSC and VOC. The power law dependence profile 

of JSC with light intensity (JSC ∝ Iα, with I and α being the light intensity and the exponential 

factor, respectively) of the device is presented in Figure 3f. Typically, good perovskite solar 

cells with no space charge effects show an α value close to 1, which indicates charge collection 

efficiency was independent of light intensity.44 The device fabricated from our precursor ink 

displayed a slope of ca. 0.95, suggesting good perovskite crystal quality, reduced nonradiative 

recombination and efficient carrier collection in our solar cell. Figure 3g further shows the 

dependence of VOC on the illuminated light intensity (I). The diode ideality factor (n) is 

employed to describe the dependence of the voltage on the applied light intensity as illustrated 

by the following equation: 

𝑛 = 𝑞2.303𝑘𝐵𝑇 × 𝑑𝑉𝑂𝐶𝑑 𝑙𝑜𝑔(𝐼)  (1) 

where 𝑛, 𝑘𝐵, 𝑞, and 𝑇 are ideality factor, Boltzmann’s constant, elementary charge, and 

temperature, respectively. Generally, the fitted 𝑛 values are located between 1-2, which 

represents Shockley-Read-Hall trap-assisted recombination.45 In the present case, our device 

exhibits the 𝑛 value of ca. 0.97, which suggests reduced trap-assisted recombination. This result 

is consistent with the conclusion from J-V curves where good VOC of 1.11 V can be obtained. 
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The high efficiency device obtained from our precursor ink can be ascribed to facile perovskite 

crystallization in the absence of anti-solvent as well as the presence of CH3NH2 species in the 

solution which reduces the formation of defects. The crystalline nature of our perovskite films is 

evident from the corresponding scanning electron microscope (SEM) images and GAXRD 

pattern. As shown in Figures 4a and S9, our typical films feature uniform, compact perovskite 

crystallites with big grain sizes and of high crystallinity. In particular, densely packed crystal 

grains with an average size of ca. 700 nm are observed, together with strong and sharp (110) 

XRD peak with narrow full width at half maximum (FWHM) of ca. 0.181° (Figure 4b, inset). 

Additionally, our perovskite films exhibit a sharp absorption edge (Figure S10, red curve), 

narrow photoluminescence (PL) band with FWHM of ca. 40 nm (Figure S10, blue curve), and 

relatively long PL lifetime of 260 ns (Figure 4c).   Such feature can be correlated to the reduced 

density of defects owing to the presence of CH3NH2 molecule which is expected to reduce 

polyiodide species in solution.46 From optical absorption spectra of different concentrations of 

[Pb(CH3NH2)I2]n and MAI solution in ACN, the peak attributed to [PbI3S3]-, where S is 

coordinating species, (CH3NH2 in our case; see Figure S11 for solution state NMR analysis of 

CH3NH2 binding), at ca. 370 nm37, 46 appears at a very low intensity relative to the other peaks 

(Figure 4d). From mass spectrometry, it was also found that the relative amount of [PbI3]- 

species (m/z = ca. 588.70) is much lower in comparison to that of I- (m/z = ca. 126.89; see 

Figure S12). We believe this ability of CH3NH2 to suppress the polyiodide species in solution is 

crucial for the formation of high quality perovskite film from any green noncoordinating 

solvents. 
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In summary, we report for the first time the synthesis, isolation and characterizations of 

unprecedented [Pb(CH3NH2)I2]n that features 2D structure. It is a well-defined compound which 

has distinctive structural, spectroscopic, and physicochemical properties from commonly used 

perovskite precursor, PbI2. Notably, it serves as a CH3NH2 “gas carrier” capable of liberating 

CH3NH2 into precursor solution upon dissolution, thus improving the solubility of perovskite in 

unconventional, relatively greener processing solvent, such as acetonitrile. The purity of the 

isolated [Pb(CH3NH2)I2]n and the ability of CH3NH2 to reduce sources of defects such as iodine 

or polyiodide species in solution allow the formation of high quality perovskite films. This 

eventually results in devices with power conversion efficiency of up to 18%, fabricated via 

single step anti-solvent-free deposition method.  

Most importantly, this unique lead precursor can easily be prepared in a bulk and as such, is 

beneficial for preparation of large quantity perovskite ink in unconventional solvent, which is 

essential for commercial practice in scaling-up of perovskite photovoltaic technology. Future 

avenues of research includes exploration and optimization of alternative synthetic routes to 

[Pb(CH3NH2)I2]n,. Another avenue is directed toward synthetic development of the formamidine 

(HN=CHNH2) variant of the material (i.e. [Pb(HN=CHNH2)I2]n). It is envisioned that the 

availability of both [Pb(CH3NH2)I2]n and hypothetical [Pb(HN=CHNH2)I2]n would be of high 

value as they can serve as starting precursors for mixed A-site cation halide perovskites, which 

would provide access to highly efficient and more stable perovskite solar cells. 
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