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Abstract: Formamidinium (FA) lead iodide perovskite materials 
feature promising photovoltaic performances in conjunction with 
superior thermal stabilities. However, the conversion of the perovskite 
α-FAPbI3 phase to the thermodynamically stable yet photovoltaically 
inactive δ-FAPbI3 phase compromises the photovoltaic performances 
of the corresponding solar cells. Herein, we demonstrate a novel 
strategy for overcoming this challenge by employing low-dimensional 
hybrid perovskite materials comprising guaninium (G) organic spacer 
layers that act as stabilizers of the three-dimensional α-FAPbI3 phase. 
Furthermore, we unravel the underlying mode of interaction at the 
atomic level by means of solid-state nuclear magnetic resonance 
spectroscopy in conjunction with X-ray crystallography, transmission 
electron microscopy, molecular dynamics simulations and DFT 
calculations. As a result, we obtain low-dimensional-phase-containing 
hybrid FAPbI3 perovskite solar cells with improved performances, 
accompanied by enhanced long-term stability.  

Introduction 

Hybrid perovskite solar cells (PSCs) present a new generation of 
thin-film photovoltaic technologies featuring hybrid organic-
inorganic perovskite semiconductors.[1-4] They are based on 
AMX3 stoichiometry composed of a monovalent cation A (Cs+, 
methylammonium (MA) CH3NH3+, formamidinium (FA) CH(NH2)2+, 
or guanidinium (GUA) C(NH2)3+), a metal M (Pb2+, Sn2+), and a 
halide X (Cl–, Br–, or I–). While hybrid perovskites display 
remarkable solar-to-electric power conversion efficiencies (PCE), 
practical applications are still hampered by their instability 
towards ambient air and moisture as well as thermal and light  
stress.[2,3] PSCs featuring highly polar MA organic cations (dipole 
moment of 2.29 D) are more sensitive to moisture and polar 
solvents, posing the risk of long term instability.[5] Alternatively, 

hybrid perovskite materials based on FA organic cation (dipole 
moment of 0.21 D) are characterized by a more homogenous 
distribution of the electron density due to resonance stabilization 
that reduces their reactivity, rendering the corresponding material 
more stable, in particular against thermal stress.[5,6] Moreover, the 
larger FA cation size increases the lattice constant and the degree 
of space filling, [7,8]  and its perovskite structure is further stabilized 
by stronger hydrogen bonding as compared to the MA analogs.[8] 
However, FAPbI3 exists in two phases, namely the yellow δ-
FAPbI3, which is more thermodynamically stable at room 
temperature, and the black α-FAPbI3 perovskite phase that is of 
interest to photovoltaic applications.[9,10] Stabilizing the black α-
FAPbI3 perovskite phase without significantly altering its 
optoelectronic properties remains an ongoing challenge that 
could boost further optoelectronic applications. This has been 
predominantly achieved by using Cs+ cations,[11,12] which however 
increase their bandgap. It has been recently shown that a number 
of FA-based layered low-dimensional perovskites can stabilize 
FAPbI3 perovskite solar cells via their spacer layer.[13-15] However, 
these early examples mainly employ electronically insulating 
organic spacers, such as the prototypical butylammonium (BA) 
and phenylethylammonium (PEA),[13,14]  as well as more elaborate 
analogs, such as the 1-adamantanemethylammonium (ADA) and 
1,4-phenylenedimethylammonium (PDMA),[15-16]  with 
photovoltaic performances that are inferior to the 3D perovskites. 
Alternatively, a number of 2D/3D heterostructures has been 
developed employing the 2D structures as stabilizing layers,[11,12]  
yet this effort has been mainly focused on mixed A-cation 
compositions. Moreover, the contribution of the low dimensional 
layer to the overall performance is limited, particularly as a result 
of the insulating character of the organic spacer layers.[17] It is 
therefore instrumental to set the stage for the development of 
functionalized layered hybrid perovskites comprising electroactive 
organic spacers that can play a stabilizing role in hybrid perovskite 
heterostructures while raising the device performance. 

Figure 1. (a) Structure of guaninium (G) with its DFT-optimized (B3LYP/6-
31G(d)) geometry (left) and common supramolecular assemblies, such as the 
G-quadruplex (right). (b) Schematic highlighting the interactions between G and 
PbI2 in the G2PbI4 crystal structure. (c) Crystal structure of G2PbI4 along a, b, c-
axis, respectively. Solvent molecules are omitted for clarity. 
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Herein, we demonstrate the utility of guaninium (G)-derived 
low-dimensional perovskites in stabilizing the α-FAPbI3 perovskite 
phase, which is assessed by solid-state NMR spectroscopy, X-
ray crystallography, molecular dynamics simulations, and DFT 
calculations. Guanine is a biologically relevant organic molecule 
that plays an important role in stabilizing the DNA structure 
(Figure 1a), while displaying the propensity for the formation of 
conductive supramolecular assemblies and functional 
materials.[18-21] We have therefore utilized its functional units to 
form a novel hybrid perovskite structure based on the low 
dimensional G2PbI4 composition, which was used to increase the 
performance and stability of α-FAPbI3 perovskite solar cells. 

Results and Discussion 

We synthesized G2PbI4 by mixing guaninium iodide (GI; 
Figure 1a and Figure S1 in the Supporting Information, SI) and 
lead iodide (PbI2) in 2:1 molar ratio in γ-butyrolactone (GBL) as a 
solvent and heating the solution to 70 °C until dissolved. The 
experimental details are provided in Section S1 of the SI. 
Hydroiodic acid was added into the turbid solution to fully dissolve 
the solute at concentration of 0.1 M. The crystal structure of the 
resulting solvated G2PbI4 intermediate reveals intermolecular 
hydrogen bonding (HB) between the organic spacer layer and 
inorganic sheets (Figure 1b–c). Formation of HB adducts was 
consistent with the Fourier transform infrared (FT-IR) spectra of 
the thin films of GI, GI•PbI2 and GI•PbI2•FAI (shown in Figure S2a 
in the Supporting Information, SI) indicating that –N-H and –NH3+ 
stretching vibrations shift to higher frequencies for GI•PbI2 and 
GI•PbI2•FAI. Moreover, the differential scanning calorimetry 
(DSC) and thermal gravimetric analysis (TGA) of GI•PbI2, PbI2 
and GI (Figure S2b in the SI), show different properties for the 
three species. During annealing up to 400 °C, there is no weight 
loss for PbI2 while GI displays only one exothermic peak at around 
290 °C. In the case of GI•PbI2 two distinct exothermic peaks are 
observed at around 257 °C and 327 °C, corresponding to the 
weight loss in the range of 250–300 °C and 300–350 °C, 
respectively, further suggesting the presence of interactions 
between GI and PbI2 in the G2PbI4 system.  

To characterize these interactions at the atomic level, we have 
prepared non-solvated G2PbI4 by mechanosynthesis[22-23] and 
used 1H, 13C and 15N solid-state magic angle spinning (MAS) NMR 
at 21.1 T to characterize it (for more details see Section S2 in the 
Supporting Information, SI). It has been shown that structural 
properties of hybrid perovskites[24-27]  as well as their 
modulated[28,29] and layered low-dimensional analogues[15] can be 
assessed at the atomic level by means of solid-state NMR 
spectroscopy and that mechanochemically prepared samples 
correspond well to those fabricated by solution deposition. The 
13C CP MAS spectrum of unprotonated guanine shows five well-
resolved resonances, corresponding to the inequivalent sites of 
the purine ring system (Figure 2a). Protonation of guanine with HI, 
yielding GI, leads to changes in the chemical shift of all peaks, as 
well as to the appearance of new peaks, likely due to the 
protonation of both the primary (pKa = 12.3) and secondary 
(pKa = 9.2) amine group of guanine (Figure 2b).[30,31] The 
formation of G2PbI4 is evidenced by changes in the 13C NMR 

spectrum as compared to neat GI (Figure 2c), although peak 
assignment is difficult due to the high level of disorder. Analogous 
qualitative changes are visible in 15N (Figure S3a–b, SI) and 1H 
(Figure S3d–f, SI) solid-state NMR spectra. This spectral 
complexity may be partly associated with guanine adopting 
several tautomeric forms (Figure 2g).[30] Previous reports suggest 
that G exists in the aqueous phase as a mixture of two tautomers 
(Figure 2g), the N9H (85%) and a N7H form (15%). Moreover, 
N7H has been shown to be more stable than N9H form in solution, 
although the latter was found to be the only tautomer in polar 
solvents or in the solid state.[30] Protonation was reported to 
predominantly occur at position N7, which is also suggested by 
the corresponding pKa values.[31] As a result, hydrogen bonding 
of protonated G units leads to the formation of regioisomeric 
dimers (Figure 2h), which further contributes to the broadening of 
the NMR spectra of GI, G2PbI4 and hybrid FAPbI3 composites with 
GI (Figure 2d–f).  

Figure 2. 13C CP MAS spectra at 21.1 T, 298 K and 20 kHz MAS of (a) guanine, 
(b) guanine hydroiodide (G・HI or GI) in solid-state (upper) and solution of 
DMSO-d6 (lower), and bulk mechanochemical (c) G2PbI4, (d) α-FAPbI3 with 
10 mol% GI, (e) α-FAPbI3, and (f) δ-FAPbI3. 15N solid-state MAS NMR spectra 
at 21.1 T, 100 K, 12.5 kHz are shown in Figure S3 in the SI. (g) Structures of 
some of the tautomeric forms of GI (atomic numbering is highlighted in red, with 
alternative protonation sites being N7 and N9) in equilibrium. 
(h) A representative hydrogen-bonded (HB) dimer of two guanine molecules 
with hydrogen-bond donating (red) and hydrogen-bond accepting (blue) sites.  
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For further structural insight, we analyzed the X-ray diffraction 
(XRD) patterns of G2PbI4 films on FTO/compact 
(c-)TiO2/mesoporous (mp-)TiO2 substrates (Figure 3a). The thin 
films were prepared by the hot-casting method (more details are 
provided in the Section S1 of the SI).[32]  XRD patterns show two 
characteristic diffraction peaks at 2θ of 6.0 ° and 7.1 °, which are 
located in the low angle region, typical for low-dimensional 
perovskites. The broadening of the XRD signals is consistent with 
the presence of disorder visible in solid-state NMR spectra. 
Another unique signature of low-dimensional iodoplumbate 
phases is the presence of excitonic features in their UV-Vis 
absorption spectra.[33] We have therefore measured the UV-vis 
spectra of the corresponding films (Figure 3b), which show two 
absorption band edges at around 425 nm and 525 nm, likely 
corresponding to the excitonic peaks of the low-dimensional 
phases. These spectral features are consistent with the results of 
steady-state photoluminescence (PL; Figure 3b, inset) with 
Stokes shifts of approximately 25 nm, which is further in 
accordance with the formation of low-dimensional G2PbI4 phase. 

Having identified the formation of G2PbI4, we probed its effect 
on the stability of α-FAPbI3. The corresponding films and devices 
were fabricated via a one-step deposition method by spin-coating 
the precursor solutions without employing an anti-solvent (as 
detailed in the Section S1 of the SI). The mixed G/FA perovskite 
precursor solutions were prepared based on the G2FAn-1PbnI3n+1 

formula (with n corresponding to 1, 10, 20, 30, while n = ∞ 
indicates neat FAPbI3), which defines the stoichiometry of the 
precursors without making any assumptions regarding the 
resulting crystal structure. The changes in color of the thin films 
deposited on FTO/c-TiO2/mp-TiO2 substrates were indicative of 
G-induced 3D perovskite stabilization, as films based on G-
containing compositions appeared darker and maintained their 
color for a longer period in ambient conditions (Figure 3c), 
whereas neat FAPbI3 films turned yellow during the same period 
of time. This suggests that the presence of G may stabilize the 

black α-FAPbI3 phase. To corroborate this effect, we analyzed the 
XRD patterns of the neat FAPbI3 and perovskite films based on 
the mixed G2FAn-1PbnPbI3n+1 (n = 10, 20 and 30) compositions on 
FTO/c-TiO2/mp-TiO2 substrates. The XRD patterns immediately 
after the preparation (Figure 3d) reveal the presence of the 
hexagonal δ-FAPbI3 phase diffraction peak at 11.8° for neat 
FAPbI3 perovskite films, while this peak is not present in the G-
containing compositions. After 5 weeks of storage in the dark at 
20–25 °C in ambient air of relative humidity (RH) of ∼40%, the 
peak intensity of δ-FAPbI3 sharply increased compared to that of 
α-FAPbI3 for the neat perovskite films (Figure 3e). On the contrary, 
the phase transformation was suppressed in the G-containing 
perovskite films, especially in the films based on the n = 20 
composition. However, a strong diffraction peak of δ-FAPbI3 was 
observed in the n = 10 composition, which is likely to be the result 
of poor film morphology owing to the low solubility of GI in organic 
solvents. In this regard, presence of secondary non-perovskite 
phases may be detrimental to long-term stability under ambient 
conditions, facilitating perovskite degradation processes.[34] In 
addition, a low angle diffraction peak at 6.0 ° was observed for 
both fresh and aged perovskite films of n = 10 composition, 
indicating the presence of a low-dimensional iodoplumbate 
structure. In the case of n = 20, this peak was not present in the 
XRD pattern, presumably as a result of the lower concentration of 
the low-dimensional phase. We have assessed the structural 
changes by X-ray photoelectron spectroscopy (XPS) of neat and 
n = 20 perovskite films (Figure S4, SI). The XPS spectra show a 
peak centered at 399.0 eV in the N 1s spectral domain for the n = 
20 perovskite films, which can be ascribed to the C=N bond of G. 
In addition, the Pb core level 4f 7/2 and 4f 5/2 peaks of n = 20 
systems shift to lower binding energies as compared to neat 
FAPbI3, indicating changes in the structure, likely as a result of 
the interaction with G. This interaction-induced structural change 
that appears to be more stabilizing at lower concentrations of 
guanine suggests a structure-directing role,[28,29] which was also 
assessed at the atomic level by solid-state NMR spectroscopy. 

Figure 3. (a) X-ray diffraction (XRD) patterns and (b) UV-vis spectrum of G2PbI4 films, with the corresponding steady photoluminescence (PL) spectrum shown in 
the inset. (c) Pictures of the corresponding perovskite films. (d-e) XRD patterns for neat FAPbI3 and mixed perovskite films of G2FAn-1PbnPbI3n+1 composition (formal 
stoichiometries of n = 10, 20 and 30) on FTO/c-TiO2/m-TiO2 substrates (d) immediately after preparation and (e) upon aging for 5 weeks, respectively. Enlarged 
XRD patterns are shown in the Figure S2 of the Supporting Information. (f) 14N solid-state magic angle spinning NMR spectra at 21.1 T, 298 K, 5 kHz of bulk 
mechanochemical α-FAPbI3 (top) and G-containing α-FAPbI3 (10 mol% GI; bottom) powders. 
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We analyzed the microstructure of bulk mechanochemical 
FAPbI3 doped with 10 mol% GI by solid-state NMR spectroscopy 
(Figure 2d–f and Figure S3, SI). 13C MAS NMR spectrum of this 
formulation contains four well-resolved G peaks (Figure 2d–f) 
corresponding to carbons 1 (107 ppm), 2 (142 ppm), 3 (150 ppm), 
4 (153 ppm), which are markedly different from those of neat GI 
or G2PbI4 and therefore evidence the formation of a new G/FA-
based iodoplumbate phase (Figure 2b–d). The peak of carbon 5 
overlaps with the FA signal of α-FAPbI3 (155 ppm). This change 
in the underlying atomic-level microstructure allows to rationalize 
the change in the binding energies of the Pb core levels observed 
by XPS. Moreover, we have previously shown that 14N NMR can 
be used as a sensitive diagnostic tool for structural changes of 
FAPbI3.[15,28,29] Specifically, the width of the spinning side band 
(SBB) pattern of 14N NMR signals are determined by the local 
cubooctahedral symmetry of FA, which is tumbling in the ps 
regime. Consequently, narrower 14N SSB manifolds indicate 
higher cubooctahedral symmetry (closer to cubic). α-FAPbI3 
containing with 10 mol% GI has a narrower 14N SSB manifold than 
neat α-FAPbI3, which shows that the crystallographic symmetry of 
the 3D perovskite is affected by the presence of GI such that it 
increases the cubooctahedral symmetry (Figure 3f). We suggest 
that this may contribute to the improved electronic quality of the 
thin films. To gain further understanding of this perovskite 
structure, we analyzed the perovskite films of G2FAn-1PbnPbI3n+1 
(n = 20) by transmission electron microscopy (TEM; Figure 4). 
The representative TEM image of the polycrystalline film shows a 
grain and its boundary (Figure 4a). A high-resolution (HR) image 
of the area (indicated by a square in Figure 4a) and its Fast 
Fourier Transform (FFT) reveals an inter-planar spacing of 
0.32 nm (Figure 4c), which matches the (002) reflection of the 
cubic α-FAPbI3 perovskite phase. In addition, an interplanar 
distance of 0.74 nm is revealed, which corresponds well to the 
size of the G spacer (7.5 Å) inside the G2PbI4 phase (Figure 1b). 
This suggests that the low-dimensional G2PbI4 phase exists along 
the grain boundaries of the α-FAPbI3, which can account for its 
stabilization in the hybrid G-containing α-FAPbI3 compositions. 
This result is in line with the NMR analysis, which shows the 
formation of new G environments modified by the proximity of the 
3D perovskite phase in the hybrid G-containing α-FAPbI3 system. 

Figure 4. TEM images of G2FAn-1PbnPbI3n+1 (n = 20) perovskite compositions: 
(a) A lower magnification image and (b) high resolution image of the marked 
area in a) with (c) the corresponding Fourier transform (FFT) analysis. (d) DFT- 
optimized structure of G2FAPb2I7. For more details refer to the Section S3 in the 
Supporting Information. 

A mechanistic model that could explain the formation of such 
mixed hybrid perovskite structures must consider a number of 
different tautomeric forms as well as their propensity to 
dimerization via hydrogen bonding without interfering with the 
formation of a low-dimensional phase (Figure 2g–h). Furthermore, 
the resulting structures should take into consideration the 
properties of the solvated G2PbI4 intermediate revealed by single 
crystal XRD (Figure 1c). We assessed the possible structural 
models by molecular dynamics (MD) simulations based on both 
classical and DFT calculations starting from the intermediary 
G2PbI4 solvated crystal structure (for more details refer to Section 
S3 in the SI). We analyzed a number of possible low-dimensional 
structures based on G2PbI4 and G2FAPb2I7 compositions as 
model systems (Figures S7–S18, SI), and compared them to the 
experimental findings. As a result of this analysis, we identified a 
unique and stable structure composed of alternating hydrogen-
bonded G dimers inside the spacer layer, oriented such that both 
HB of the spacers and their interaction with the perovskite slabs 
is possible (Figure 4d and Figures S11–S12, SI). The structural 
properties of the resulting system matched well the spacer 
dimensions revealed by both the TEM (Figure 4d) and XRD 
measurements (Figure S14, SI). Moreover, DFT calculations of 
the structures suggest that proton transfer occurs between the 
molecules in the spacer layer, which supports the existence of 
multiple tautomeric forms (for more details, refer to the Section S3 
in the SI). This suggests that the formation of G-based low-
dimensional structures involves a reorientation of the spacer 
molecules to form HB within the spacer (Figure S13, SI), while 
simultaneously binding to the inorganic slabs. In this fashion, the 
G-based spacer layer could affect proton transfer in addition to 
providing enhanced transport for electronic charge carriers. A 
more detailed mechanistic insight requires extensive nucleation 
studies that are subject of an ongoing investigation. 

To evaluate this model, we analyzed the optoelectronic 
properties of neat FAPbI3 and mixed G2FAn-1PbnPbI3n+1 (n = 10, 
20 and 30) perovskite films on FTO/c-TiO2/mp-TiO2 substrates 
(Figure 5). The UV-Vis absorption spectra suggest that the 
absorbance of the films of both n = 20 and 30 is much higher than 
that of neat α-FAPbI3 films, presumably due to improved phase 
purity and film uniformity (Figure 5a). The films of n = 10 show 
absorbance that is lower than that of n = 20 and 30 perovskites, 
whereas top-view scanning electron microscopy (SEM; Figure S5, 
SI) images indicate that the grain sizes do not evidently change 
with the increasing n value. The effect of G2PbI4 perovskite on the 
optical band gap was probed by analyzing the corresponding 
Tauc plots (Figure 5b-c). For G2FAn-1PbnPbI3n+1 (n = 10, 20, 30) 
compositions, the band gap remained around 1.51 eV, exceeding 
the value of α-FAPbI3 by only 30 meV.[35,36] We can thus conclude 
that the presence of G does not affect the band gap of α-FAPbI3 
significantly, enabling the G-based perovskite composites to 
retain the advantages of the low band gap. However, the steady-
state PL spectra (Figure 5d) reveal a minor blue-shift with certain 
asymmetry of the spectrum for n = 10, indicating that a higher ratio 
of low-dimensional phases may affect the optoelectronic 
properties. The time-resolved photoluminescence (TRPL) spectra 
of neat α-FAPbI3 and mixed G2FAn-1PbnPbI3n+1 (n = 10, 20, 30) 
films on glass microscope slides show a slightly longer charge 
carrier lifetimes for n = 20 as compared to the other compositions, 
pointing at suppressed charge carrier recombination (Figure 3e). 
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We further measured the TRPL spectra of perovskite/spiro-
OMeTAD structure on a glass slide to assess the effect on charge 
carrier transport at the interface between the perovskite and spiro-
OMeTAD. The mixed G2FAn-1PbnPbI3n+1 perovskite materials 

were found to quench the PL of the 3D perovskite phase faster, 
with the n = 20 system showing the most pronounced effect, 
indicating the most enhanced charge transfer at the interface, a 
metrics which is important for the photovoltaic (PV) performance.

 

Figure 5. Optoelectronic properties of neat FAPbI3 and mixed perovskite films of G2FAn-1PbnPbI3n+1 (n = 10, 20 and 30) compositions. (a) UV-Vis absorption spectra, 
(b) normalized absorption spectra and the (c) corresponding Tauc plots on FTO/c-TiO2/m-TiO2 substrates; (d) steady-state and (e-f) time-resolved PL (TRPL) 
spectra for films on a microscope glass slide. The steady-state PL spectra of G2PbI4 is shown in Figure 3b. 

This finding corroborates with the calculated electronic 
properties of the layered G2PbI4 structure (for details see Section 
S3.5 in the SI and Figures S19–S20), which suggest that the 
conduction band of the low-dimensional structure is delocalized 
within the spacer layer. This has been previously observed for a 
very few cases of low-dimensional perovskite structures[37,38] 
based on functional organic spacers that can serve as a pathway 
for charge transport, facilitating charge extraction. Moreover, the 
calculated hole effective masses along the three principal axes 
reveal reduced hole effective masses for in-plane directions 
coinciding with the π-stacking of the guanine moieties, suggesting 
a pathway for efficient hole transport. In order to clarify this, the 
mobility of charge carriers and photoconductivity (product of 
mobility and yield of charge dissociation) were determined by 
time-resolved microwave conductivity measurements (Section S4, 
SI and Figures S21–S23).[39,40] The measurements revealed 
conductivities that increase for n = 20 as compared to the n = 1 
compositions, which is accompanied by charge carrier lifetimes in 
the order of µs that is of interest to the PV applications.  The 
photovoltaic metrics of neat α-FAPbI3 and hybrid G2FAn-

1PbnPbI3n+1 (n = 10, 20 and 30) PSCs with an aperture area of 
0.16 cm2 (Figure 6) show that the n = 20 PSCs outperform those 
of neat α-FAPbI3. The improvement can be ascribed to the 
stabilization of the α-FAPbI3 in presence of the G-based phase. 
With the highly increased content of the low-dimensional 
component, as in the n = 10 compositions, however, the PV 
performance decreases. This is in accordance with the effect on 
the optoelectronic properties (Figure 5a and Section S4, SI). The 
comparatively poorer performance of the n = 30 compositions 
presumably results from the decrease in the film uniformity and 
optical properties as compared to the neat FAPbI3 perovskite. 
This suggests that the optimal concentration thereby lies in the 
range between the ones defined by the n = 10 and n = 30 nominal 
compositions. As a result, we achieved PCEs up to 16.04% for 
hybrid G2FAn-1PbnPbI3n+1 PSCs based on n = 20 compositions 
with VOC of 1.08 V, JSC of 22.08 mA cm-2, and FF of 0.67. These 

parameters are superior to those of neat α-FAPbI3, yielding a PCE 
of 8.42% with a VOC of 0.74 V, JSC of 18.59 mA cm-2, and FF of 
0.61 based on the reverse scan (Figure 6a). The hysteresis 
effects however remain apparent in the PSCs (Figure S6, SI). The 
corresponding incident photon-to-current conversion efficiency 
(IPCE) spectra show that the integrated JSC of n = 20 PSC is 
21.75 mA cm-2, comparable to the value derived from the J-V 
curve, while the integrated JSC of neat FAPbI3 PSC is 
13.87 mA cm-2, lower than the one derived from the J-V curve. 
This is ascribed to the instability of untreated α-FAPbI3, leading to 
its degradation during the measurement (the maximum power 
point tracking is shown in Figure S6 of the Supporting Information), 
which has been affected by the presence of guanine moieties.  

Figure 6. (a) PV metrics of 32 solar cells based on neat FAPbI3 and mixed low-
dimensional G2FAn-1PbnPbI3n+1 (n = 10, 20 and 30) perovskite compositions; (b) 
J-V curves and (c) corresponding IPCE spectra with integrated JSC of the best 
performed solar cells based on neat FAPbI3 and perovskites of G2FAn-

1PbnPbI3n+1 (n = 20) composition. The aperture area of the devices is 0.16 cm-2.  
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Conclusion 

In summary, we developed a new strategy based on 
guaninium (G) moieties to tune the properties of α-FAPbI3. We 
used solid-state NMR to establish that G interacts with the 
perovskite lattice at the atomic level, leading to the formation of 
mixed G/FAPbI3 phases. We report the crystal structure of a low-
dimensional G-based phase, which evidences the possible 
binding modes involved in the stabilization of α-FAPbI3. 
Furthermore, we provide a mechanistic model for the formation of 
the G-based perovskite phase using molecular dynamics 
simulations and DFT calculations, which show that the guanine 
moieties have the propensity to enhance the transport of protons 
as well as charge transport through delocalization of the 
conduction band across the spacer layer. These findings were 
used to design solar cells based on hybrid G2FA1-nPbnI3n+1 
composition and obtain PCEs of over 16%, highlighting the 
prospect of this approach in metal halide perovskite photovoltaics.  

Experimental Section 

Synthesis and characterization of the materials, as well as the 
corresponding devices, are detailed in the Supporting information. 
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