Materials Futures

ACCEPTED MANUSCRIPT « OPEN ACCESS

In situ active guanidinium salts interaction promotes facet orientation and
crystallization for efficient and stable inverted perovskite solar cells

To cite this article before publication: Jiajia Du et al 2025 Mater. Futures in press https://doi.org/10.1088/2752-5724/ae0c77

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the Songshan Lake Materials
Laboratory.

As the ersmn of Record of this article is going to be / has been published on a gold open access basis under a CC BY 4.0 licence, this Accepted
Manuscript is available for reuse under a CC BY 4.0 licence immediately.

Everyone is permitted to use all or part of the original content in this article, provided that they adhere to all the terms of the licence
https://creativecommons.ora/licences/by/4.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected and is not published on a gold open access basis under a CC BY licence, unless that is
specifically stated in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 66.11.117.86 on 29/09/2025 at 01:34



https://doi.org/10.1088/2752-5724/ae0c77
https://creativecommons.org/licences/by/4.0
https://doi.org/10.1088/2752-5724/ae0c77

Materials Futures

In situ active guanidinium salts interaction promotes facet
orientation and crystallization for efficient and stable

inverted perovskite solar cells

Journal:

Materials Futures

Manuscript ID

MF-100890.R1

Manuscript Type:

Paper

Date Submitted by the
Author:

22-Sep-2025

Complete List of Authors:

Du, Jiajia; Tianjin University of Technology; Shandong University -
Qingdao Campus

Chang, Yilin; Shandong University = Qingdao Campus
Liu, Le; Shandong University - Qingdaa Campus

Yu, Zhibin; Shandong University - Qingdao Campus

Du, Qinglin; Shandong University = Qingdao Campus
Yang, Wenfeng; Shandong Wniversity - Qingdao Campus
Qiu, Yuan; Tianjin University of Technology

Lu, Fushen; Shantou University,

Jiu, Tonggang; Shandong University - Qingdao Campus
Cao, Huangqi; Tianjin University of Technology,

Keywords:

in situ reaction, guanidine synthesis, crystallization orientation, a-phase
stabilization, inverted perovskite solar cells

S HOLARONE™
~ Manuscripts

https://mc04.manuscriptcentral.com/mf-slab




Page 1 of 38

oNOYTULT D WN =

Materials Futures

In situ active guanidinium salts interaction promotes. facet
orientation and crystallization for efficient and stable

inverted perovskite solar cells ~

Jiajia Du'>f, Yilin Chang?', Le Liu?>*", Zhibin Yu?, Qinglin Dw?, Wenfeng Yang?, Yuan Qiu!,

Fushen Lu**, Tonggang Jiu>*, Huanqgi Cao'>*

&
! Key Laboratory of Display Materials and Photoglectric Devices (Ministry of Education),
Tianjin Key Laboratory for Photoelectric "Materials and Devices & National Demonstration
Center for Experimental Function/Materials® Education, School of Materials Science and

Engineering, Tianjin University, of Technology, Tianjin 300384, P. R. China.

2 Shandong Provincial Key Laboratory for. Science of Material Creation and Energy Conversion,
Institute of Frontier Chemistry,\chool of Chemistry and Chemical Enginnering, Shandong

University, Qingdao;266237, P. R¢ China.
3 Shenzhen Research Institute of Shandong University, Shenzhen, 518057, China.

4 College ofl Chemistry and Chemical Engineering, and Key Laboratory for Preparation and
Application of Ordered Structural Materials of Guangdong Province, Shantou University,

Shantou, Guangdong 515063, China.

E-mail addresses: liule@sdu.edu.cn, fslu@stu.edu.cn, tgjiu@sdu.edu.cn and caoh@tjut.edu.cn.

https://mc04.manuscriptcentral.com/mf-slab


mailto:fslu@stu.edu.cn
mailto:caoh@tjut.edu.cn

oNOYTULT D WN =

Materials Futures

" These authors contribute equally to this work.

Supplementary material for this article is available online.

Abstract: The disordered crystal growth and undesired degradation of perovskite films limit the
further improvement of perovskite solar cells (PSCs) performance and their commercialization.
Herein, an in situ modulation strategy is proposed for preparing -high-quality and stable
perovskite film through adjustment of phase transformation kineties. Benefiting from the in situ
reaction between chloroformamidinium hydrochloride (CIFACIL) and FA cations, the impurity
intermediate phase in the perovskite film is inhibited and the a-FAPbI; phase is induced to grow
along a preferred (001) orientation. Furthermote, the intsoduction of CIFACI and in situ
formation of guanidinium salts (FA-Gua) strengthen. the intermolecular interactions in the
interior of crystals, which restrains the a-phase degradation of the as-prepared perovskite films
under humid and thermal treatments. With.crystal orientation optimization and defects reduction,
the PSCs with in situ formed FA-Gua yield a champion efficiency of 25.85% and demonstrate
excellent phase stability under long-term thermal and humid ageing conditions. This in situ
chemical modulation strategy ?xpands the avenue toward optimization of crystallization

orientation and a-phase. stabilization, promoting the development of PSCs with enhanced

performance and stability.

Keywords: in situ reaction, guanidine synthesis, crystallization orientation, a-phase stabilization,

inverted perovskite solar cells

1. Introduction
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Metal halide perovskites have become one of the most promising semiconductors in the field of
optoelectronics [1,2]. Among them, Formamidine (FA)-dominant perovskite solar cells (PSCs)
have garnered tremendous interest due to the ongoing improvement of photdelectric property,
which show great potential in practical commercialization [3-10]. However, the PSCs based on
polycrystalline perovskite films still face the phase and environmental instability problem [11-
16]. The overall quality of perovskite films is pivotal in phase instabilities, especially for high
defect state density derived from disordered crystal growth orientation due to rapid uncontrolled
crystallization process [17-24]. Therefore, it is of great significance to manipulate facet
orientation during fast crystallization processes tosreduce defect density and obtain high-

performance and stable perovskite solar cells [25-27]. 'S

To date, substantial research strategies  have. been used to regulate perovskite films
crystallization orientation, while the‘relevance between the facet orientations of perovskite films
and corresponding device photovoltaic performance has been widely investigated [28-31].
Recently, preferential growth of (001)'and (111) facets has received much attention, since these
two facets have both beendproved tosbe the top-performing ones [32-37]. Compared with the
(111) facet, the (001). facet possesses more closely connected atoms, exhibiting lower surface
energy, better coordination balance and less defects [32,37,38]. Various efforts have been
devoted to realizing the favourable growth of the (001) facet, especially by regulating crystal
orientation and passivating defects both in the bulk and at the interface, such as composition
engineeting [27,29,39,40], processing management [41,42], additive engineering [37,43], etc.
For‘example,thighly oriented 2D (BDA)PbI,4 (1,4-butanediamine) seeds were used to customize
the facet orientation of 3D perovskite, so that the preferential growth of (001) and (002) facets

were promoted [37], However, the weak Pb-I bond brings about structural distortion and the high

https://mc04.manuscriptcentral.com/mf-slab
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sensitivity of the (001) facet toward water molecules entails severe moisture-induced degradation
[44], Although electric carriers transport is facilitated along the (001) direction,,the octahedral
interstices that extend through the crystal in this direction also facilitates the escape of the A-site
cations, largely lowering device stability. Therefore, it is of essential importance to explore a
new way to further strengthen the intermolecular interactions in the interior of ¢rystals as well as

capping the (001) layers for stability enhancement of facet-oriented perovskite films.

In this work, we proposed an in situ modulation strategy/based on guanidinium salts prepared
by the interaction between chloroformamidine hydrochloride (CIFACI) and FA cations in the
perovskite precursor. It is demonstrated that the in situ'reaction between CIFACI and FA cations

%
effectively promotes the transformation of perovskite intermediate phase to o-FAPbIz and
inhibits the impurity phase in the perovskite filmywhich is favourable for the selective crystal
growth along the (001) crystal plane. Moremmportantly, by taking benefits of the interaction
between as-formed active guanidinium salts and perovskite, the intermolecular interactions in the
interior of crystals are strengthened, which retards the degradation of the a-FAPbI; phase under
high humidity and elevateddemperaturé conditions. Furthermore, the optimized perovskite films
deliver reduced defects»and suppressed trap-assisted non-radiative recombination. Therefore,
profiting from the in'situ reaetion and active guanidinium salts, the PSCs achieved a champion
PCE of 25.85% with an optimized open-circuit voltage (Voc) of 1.21 V. In addition, perovskite
films with active‘guanidinium salts show excellent stability under long-term thermal and humid
ageing ¢onditions, the unencapsulated devices retained 95% of the initial PCE after storage in the

N> atmosphere for 2000 h. Our findings provide a new perspective to preparing highly facet-

oriented and stable perovskite films for construction of efficient and stable PSCs.
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2. Experimental section
2.1 Materials

Chloroformamidine hydrochloride (CIFACI) and Formamidine iodide (FAIL) were obtained from
Greatcell Solar Materials. Lead (II) iodide (Pblz) and (2-(9H-carbazol-9-yl) ethyl) phosphonic
acid (2PACz) were purchased from Tokyo Chemical Industry Co., Ltd. L\ead bromide (PbBr»),
methylammonium bromide (MABr), phenylethyl ammonium iodide (PEAI), methyl ammonium
chloride (MACI) and phenyl-Cei-butyric acid methyl ester (PCsiBM) were procured from Xian
Yuri Solar Co., Ltd. Cesium iodide (CsI), N,N-dimethylformamide (DMF), dimethylsulfoxide
(DMSO) and chlorobenzene (CB) were provided by Sigma’-Aldrich Corp. Ethyl alcohol was
obtained from J&K. Isopropanol (IPA) andbathocuproine (BCP) were purchased from Aladdin.
SnO; colloid precursor was purchasedifrom Alfa.Aesar (tin (IV) oxide, 15 wt.% in H20 colloidal
dispersion). 2,2",7,7"-Tetrakis[N, N-di(4-methoxyphenyl) amino]-9,9”-spirobifluorene;2,2",7,7"-
Tetrakis (N, N-p-dimethoxyphenylamino)-9,9-spirobifluoree (Spiro-OMeTAD) was purchased
from Xi’an Polymer Light Tech\nology Corp. These materials were used without additional

processing.
2.2 Preparation of pristine.and additive-doped perovskite precursor solutions

The FA-based perovskite precursor solution was prepared by dissolving 5.0 mg of MACI,
13.4 mg of PbBr;, 4 mg of MABr, 8.9 mg of Csl, 240.1 mg of FAI and 725.8 mg of Pbl in
1000 1L of'anhydrous DMF/DMSO (volume ratio 4:1) mixed solvent. The optimized perovskite
precursor was obtained by added different concentrations of CIFACI (0.5~1 mg mL™") to the

perovskite solution.

https://mc04.manuscriptcentral.com/mf-slab
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2.3 Device fabrication

The inverted (p-i-n) perovskite solar cell prepared in this paper had the structure of
ITO/2PACz/perovskite/PCsiBM/BCP/Ag. Firstly, the ITO substrates were ultrasonically cleaned
for 15 min with glass cleaner, deionized water, acetone and IPA respectively and treated by
plasma for 15 min. Then, the as-cleaned ITO substrates were transferrei to.the glovebox and
2PACz (0.5~1.5mg mL!) in ethyl alcohol was spin-coatedson cleaned ITO substrates and
annealed for 10 min under 100 °C. The as-prepared perowvskite precursor solution was spin-
coated onto the 2PACz substrates by two step program of 1000pm for 5 s and 4000 rpm for 30 s,
with a ramping rate of 1000 rpm s'. During the last'5~10 s.of the spinning process, the liquid
film was treated by drop-casting of chlorobenzene solvent (250 uL). The perovskite solution with
CIFACI additive took the same process and‘was annealed on a hotplate at 100 °C for 50 min.
After the perovskite films cooled down, PEAL solution (2 mg mL™") was spin-coated on top of
perovskite films surface at a speed of 4000 rpm for 20 s. Then, A PC¢1BM layer (20 mg mL™! in
chlorobenzene, 2500 rpm for 20s) was, spin-coated and annealed for 10 min under 100 °C,
followed by spin-coating with BEPy(0:5~1.0 mgmL-) in isopropanol on top (4000 rpm, 30 s).

Finally, the 100 nm thick Ag electrode layer was deposited on top by thermal evaporation.
2.4 Characterizations

The FT-IR spectra were obtained with a spectrometer of Agilent Technologies (Cary 630 KBr
Engine). GISAXS measurements were carried out on Anton Paar SAXS point 5.0. The Bruke D8
Advance Xsray Diffractometer with Cu Ko radiation from 4° to 45° was used to record XRD
patterns."The 'H NMR spectra were obtained with Ascend TM 600 MHz nuclear magnetic

resonance spectrometer. The XPS and UPS spectra were obtained by Thermo scientific EscalLab
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250Xi. AFM/KPFM (Bruker MultiMode 8) and SEM (Thermo scientific, Apreo) were‘applied to
observe the film morphology. PL and TRPL spectra were obtained at room temperature through
fluorescent spectrophotometer (Edinburgh FS5) equipped with a 500 W Xe lamp. Confocal laser
scanning microscopy (Leica DM18) was used to record PL mapping. The TPC/TPV decays were
determined by all-in-one characterization platform Paios (Fluxim AG, Switzerland). The EIS
measurement was performed using a Chi760e electrochemical workstation. The Powereach JC
2000C was used to record contact angles. The simulated AM 1.5G solarillumination (100 mW
cm?) with an Enlitech solar simulator (SS-F5-3A) and a computer-controlled Keithley 2400
source meter was used to detect the current density—voltage (J—V)characterizations of perovskite

solar cells. o

2.5 Density functional theory (DFT) simulations

All calculations in this work were done with using the Vienna ab initio simulation package
(VASP). The exchange energy.and:correlation energy of electrons are described using the
generalized gradient approximatiQn (GGA) with the Perdew Burke Ernzerhof (PBE) function. In
the calculation, a cutoff energy of 450 eV was set for the plane wave basis set. The force
convergence standard for'each atom is set to 0.02 eV/A. The binding energies of the molecule on
a-FAPDI; surfaces were calculated to investigate their interactions. To avoid interactions
between adjacent slabs, avacuum layer of more than 20 A is added to the surface in the 2D slab
model. The bindingenergy (Eb ) is based on the following equation:

Eb = Fmotecule-siab - Emolecule = Eslab

Where Emolecule-siab, Emolecule and Ejiap are the energy of the FA-Gua molecule adsorbed on the a-

EAPDI; surface, individual FA-Gua molecule, and the clean a-FAPbI; surface, respectively.

https://mc04.manuscriptcentral.com/mf-slab
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3. Results and discussion

As shown in figure 1(a), we introduced CIFACI into the perovskite precursor solution to regulate
the crystallization of perovskite film, taking advantage of active guanidinium salt,produced, via
an in situ reaction. The amino-group-rich active guanidine would strongly teract with halide
ion and uncoordinated Pb?* through electrostatic coupling and/or hydrogen bonds, inducing the
highly-oriented crystallization of perovskite films [45]. To study the\ chemical interaction
between CIFACI and perovskite precursors and confirm the production of active guanidine,
proton nuclear magnetic resonance ('"H NMR) measurenientywas employed. As shown in figure
1(b), the chemical shifts of the hydrogen atoms for —CH and —NH/=NH in FAI are identified as
two proton peaks at 7.84 and 8.82 ppm, respectively, while ﬁqe proton peak for CIFACI can be
detected at 6.21 ppm. Upon the addition of CIFACI into the FAI solution, the solution turned
yellow (interior picture in figure l(b)sand S1), indicating a reaction occurred between the
CIFACI and FAI After FAI and CIFACI were mixed, the '"H NMR signals of —CH in FA™ split
into a multiple peaks and threesproton peaks at 8.68, 8.87 and 9.11 ppm appeared with the
integration ratio of 1: 1: 2: 2.(ai€xb: d) (figure S2), which indicates strong chemical interaction
between FAI and CIFACI and‘a guanidinium salt was synthesized. Moreover, as shown in figure
S3, compared with the X=ray diffraction (XRD) patterns of FAI and CIFACI, the CIFACI/FAI
mixture showedscharacteristic peaks at 11.46° and 22.67°, which demonstrates that FA-Gua
crystals with different face orientations were formed. Based on the 'H NMR results and
considering the deprotonation of organic amidines and the potential of amidines as guanylating
agents-[46];.it could be proved that FAI was firstly deprotonated, then a nucleophilic substitution
reaction took place between FA and CIFACI to yield active guanidine. The reaction process

between CIFACI and FAI for guanidine synthesis (FA-Gua) is displayed in Scheme 1.

https://mc04.manuscriptcentral.com/mf-slab
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NH

SRS S W

Cl NH,"CI NH,'l
FA-Gua

Scheme 1. The proposed reaction process between CIFACI and FAL in perovskite precursor

solution.

The in-situ formation of FA-Gua was further verified by 'H NMR spectroscopy. As shown in
figure S4, FAI/CIFACI/Pbl; in one-step blending showed the same phenomenon as after
FAI/CIFACI pre-reaction purification, with the original proton peak at 7.84 ppm of FAI splitting
into multiple peaks. And the proton peak at 8.82/ppm’disappeared, with a new doublet peak at
8.65 and a new singlet peak at 8.99 ppm."Onnthe contrary, when FAI and Pbl, are mixed, the
proton peak at 7.84 ppm does not split, and the proton peak belonging to —NH at 8.82 ppm splits
into two single peaks (no doublet peak at 8:65 ppm). The results show that CIFACI tends to react
with FAI to form active guanidine, and then coordinates with Pbl, to form complex to further

regulate crystal growth in mixed perovskite precursor solution.
N

The strong interaction between/ CIFACI and FAI is further verified via fourier-transform
infrared spectroscopy..(FT=IR4 figure 1(c)) and X-ray photoelectron spectroscopy (XPS)
measurements. As displayed in figure 1(c), the stretching vibration peaks of vc.ci, ven, vN-u for
CIFACI are located at 674.64, 1416.09 and 3020.86 cm!, respectively. After mixed with FAI,
the stretching vibration peaks shifted to 622.46, 1343.71 and 3140.28 cm’!, respectively.
Meanwhile,ras<depicted in the XPS spectra (figure S5), compared with pure CIFACI, the N 1s

peak of CIFACI/FAI mixture show a shift from 400.15 eV to a slightly higher binding energy of

https://mc04.manuscriptcentral.com/mf-slab
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400.49 eV. These results indicate the strong interaction between CIFACI and FAI, and‘ndicating

the foramation of FA-Gua.

In addition, the interaction between CIFACI and Pbl; was also investigated by FT-IR: As
exhibited in the FT-IR results (figure S6), the vn.u stretching vibration peak of CIFACI shifted
from 3020.86 to 3137.36 cm™! for CIFACI/Pbl, mixture and »to 3267.44 cm™ for
FAI/CIFACI/Pbly mixture. The shift of vn.u is due to the formation & coordination bonds
between FA-Gua and Pbly, indicating the stronger coordination of in situ synthesized FA-Gua
with Pb?* [47]. Furthermore, as shown in the XPS spectra of I 3dvand Pb 4f signals (figure 1(d)
and 1(e)), compared with pure Pbl, (143.58 eV for Pb 4f and 631.06 eV for I 3d), the
CIFACI/PbI: film exhibited lower binding energies of Pb 4f.(143.35 eV) and I 3d (630.26 eV),
while further shifts were observed for FAI/CIFACI/Pbl; (143.06 ¢V for Pb 4f and 630.01 eV for
I 3d). The further reduction of bindingsenergies demonstrates that the intermolecular interaction
between the organic cations and Pbl, was strengthened with in situ synthesis of FA-Gua [48-50].
Therefore, to investigate the effeet of in situ guanidine synthesis on the final perovskite film, we
recorded the XPS spectra of the as-prepared perovskite films, as exhibited in figure 1(f)-(h). The
CIFACI-treated film displayed two peaks at 142.91 and 138.04 eV, corresponding to Pb 4fs» and
4172, respectively, which are lower than those of the pristine one (143.27 and 138.41 eV).
Moreover, the two peaks belonging to Pb® at 141.69 and 136.77 eV disappeared for CIFACI-
treated film, indicating the suppression of less-coordinated Pb atoms in the optimized film.

Meanwhile, the signals of I 3ds», I 3ds2 and N 1s all showed obvious shifts to lower binding

energies after CIFACI treatment, owing to the electron donation effect of FA-Gua.

https://mc04.manuscriptcentral.com/mf-slab
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Figure 1. Additive and perovsKite interaction analysis. (a) Schematic diagram of intermolecular

interaction between CIFACI and perovskite components for crystallization regulation. (b) 'H

NMR spectra of the CIFACI, CIFACI and FAI/CIFACI mixture in DMSO-Ds. (c) FTIR spectra

of CIFACI and FAI/CIFACI mixture. (d-e) Pb 4f and I 3d XPS spectra of Pbl,, CIFACI/Pbl»

mixture and, CIFACI/FAI/Pbl, mixture. (f-h) Pb 4f, I 3d and N 1s XPS spectra of perovskite

films with and without CIFACI treatment.

Dynamic light scattering (DLS) was used to investigate the effect of CIFACI on the sizes of

colloidal particles in perovskite precursor solution. As presented in figure S7, the CIFACI-
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treated perovskite solution shows more homogeneous colloidal sizes than the pristine solution.
With the introduction of CIFACI, the larger agglomerative particles in perovskite solution are
broken, benefiting from the hydrogen bonds and coordination interaction between FA-Gua and
perovskite. The perovskite solution with a larger and homogeneous colloidal size is beneficial to
homogeneous nucleation of the film during the spin-coating process, in favor of obtaining
increased crystal size and high-quality perovskite films [51,52]. Meanwhile, the CIFACl-treated
perovskite solution show a larger contact angel (25°) than that of'the pristine one (16°) on 2-(9H-
Carbazol-9-yl)ethyl|phosphonic acid (2PACz) substrate, whichyis beneficial to the formation of

perovskite films with larger crystals (figure S8) [53,544.

XRD measurement was employed to detect detailed crystztl growth processes under different
annealing temperatures. As shown in figure »\S9, for the control perovskite film, obvious
diffraction peaks of 6-FAPbIz and Pbla;phases were observed at 11.9° and 12.8°, respectively,
while a weaker signal of a-FAPbI; phase was found at 14.2° under low-temperature annealing
conditions. The peak intensity corresponding to the a-FAPbI; phase increased slowly with the
increase of annealing temperature. In/contrast, for the CIFACI-treated perovskite film, the
diffraction peak of a-FAPbI; phase was strong even under low-temperature and increased further
after annealing at higher,temperatures, while the peaks of 3-FAPbI; phase and Pbl, are

suppressed dramatically.

In addition, the XRD patterns of perovskite films without antisolvent dripping and annealing
treatment are digplayed in figure S10. For the pristine perovskite film, the peaks at 6.89° and
14.28° could ‘be assigned to a FA2Pbsls:4DMSO intermediate phase and the a-FAPbI; phase,
respectively [55]. With CIFACI-treated processing, the peak intensity of the intermediate phase

decreased and the peak intensity of a-FAPbl; was greatly enhanced, indicating that the

https://mc04.manuscriptcentral.com/mf-slab
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introduction of CIFACI could inhibit the formation of the impurity intermediate phase and

promote the formation of the a-FAPbI; phase.

Moreover, as presented in the XRD patterns of the as-prepared perovskite films (figure 2(a)
and 2(b)), the diffraction peaks at 12.89°, 14.35° and 40.75° correspond te,Pbls;.(001) and (022)
crystal facets of the a-FAPbIs phase, respectively. The intensity of (001) diffraction peak for
CIFACI-treated perovskite film increased by 2.83 times than that of the pri\stine one. The ratio of
T0o1)/I(022) rose to 7.12 and the ratio of Ipbo/Ii001) decreased to 0.03 for CIFACI-treated perovskite
film, indicating that the in situ formation of FA-Gua prometed the crystal orientation growth
along with the preferred (001) direction effectively and improve the crystallinity of the

%
perovskite film.

XRD refinement further proves this point and the results are shown in figure SI1. Ry, is

Weighted Profile Residual Factor for:XRD Rietveld refinement. It can be calculated by the

following formula:

Wi(Yio — Yic)? 105
Wi inO

VQWp:[

where, Vi, is the experimentally observed intensity of the i-th data point, Yj. is the theoretical
intensity of the i-th data peint calculated based on the refined model, and w; is the weight of the
i-th data point. A smaller Ry, value indicates a higher degree of agreement between the
theoretical calculated spectrum and the experimental spectrum [56]. Firstly, from the refinement
results, it can be'seen that the lattice parameters of the perovskite film containing FA-Gua are the
same as those of the control film, and the variation is within an allowable range, indicating that

the in-situ generated FA-Gua did not enter the lattice interior. Secondly, the characteristic peak

https://mc04.manuscriptcentral.com/mf-slab
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positions of the XRD diffraction patterns of the perovskite films before and after refinement are
in good agreement, and the Ry, (5.90%) of the perovskite film containing FA-Gua is ‘much
smaller than that of the control film (6.99%), indicating that the crystallinity of the perovskite

after CIFACI treatment is better.

The grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns at incident angels

~
ranging from 0.3° to 3.6° for control and CIFACI-treated perovskite films were tested to further

elucidate the impact of in situ synthesized FA-Gua on the crystalline structure of perovskite films.

As shown in figure 2(c), 2(d) and S12, compared with the control film, the signal of Pbl;
decreased significantly and a visibly preferred crystallographic orientation along with (001) facet
is observed for the CIFACI-treated film with the increase .of incident angle. The results are
consistent with the conclusion of XRD, ‘suggesting the selective facet growth and regular
crystalline arrangement of perovskité erystals after the CIFACI additive treatment. Meanwhile,
the radially integrated intensity along the ring at g=10 nm™' with an incident angle of 3.6° is
displayed in figure S13, revealing'that:ithe (001) facet of CIFACI-treated perovskite film exhibits
strong out-of-plane (OOP) erientation. Furthermore, Williamson—-Hall (W-H) plots extracted
from XRD pattern were further adopted to show the lattice strain of the perovskite films. The
lattice strain € of the films can be extracted from XRD patterns by fitting the slope in the
Williamson-Hallgplot: Bcas0 = 4€sin8 + kA/Dgj,e , where, BB represents the half-width of the
diffraction peak (unit: radian). 0 is the diffraction angle. k is a constant (Scherrer constant,
usually taken as 0.9). A is the wavelength of X-rays. D is the average size of the crystal grains,
and g&is the lattice strain. sinf is the sine value of the diffraction angle. As shown in Figure S14,
it can be seen that the perovskite film prepared with FA-Gua show the lowest strain of -0.003%

compared with control perovskite film (-0.036%). The small lattice strain could be attributed to
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the FA-Gua that guide the homogeneous crystal growth and the enhanced orientation that reduces

the collision volume between grains when forming crystals [57].

To better investigate the advantages of in-situ synthesis of FA-Gua and exclude chloride,ion
effects on perovskite growth, we selected FA-Gua structural analogs N=(diaminomethylidene)
methanimidamide (N-DM), 1,1-dimethylbiguanide Hydrochloride (DH-Gua), and HCI as control
additives. X-ray diffraction (XRD) tests were conducted on correspondirg perovskite films. As
shown in figure S15, the control perovskite films exhibited a disordered crystal orientation with
residual lead iodide and &-phase FAPbIz at 11.7°. Thé DH-Guascontaining perovskite films
displayed low-dimensional perovskite characteristic_peaks at low angles and no significant
improvement in crystal orientation. The perovskite films cor.ltaining an equal molar amount of
hydrochloric acid exhibited the same crystallinity as the control films, indicating that the
introduction of chloride ion had no effect on the crystal growth orientation. Notably, perovskite
films with N-DM treatment eliminated residual lead iodide but failed to induce 001-plane
oriented growth. These findings mot only rule out chloride ion influence but also indicate that the
controlled growth of perovskite originates from dual mechanisms: in-situ reactions between

CIFACI and FAI, which facilitate phase transformation, and the preferential adsorption of active

guanidine salt FA-Gua, which induces 001-plane oriented growth.

Theoretical calculation was carried out to estimate the binding energy (Ev) of FA-Gua on
different facets ©Of perovskite to investigate how FA-Gua interact with the lattice of FAPbI3
perovskite along'different facets and influence the subsequent crystalline orientation. To simplify
the/calculation, pure FAPbI; was employed as the calculation model. Configurations of FA-Gua
combined.on the (001), (011) and (111) facets were optimized to the lowest energy state, with

the corresponding configuration and adsorption energies summarized in figure 2(e)-(h). The
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results revealed a lower binding energy of —4.80 eV for FA-Gua on the (001) facet compated to
—4.28 eV on the (011) facet and —3.73 eV on the (111) facet, suggesting a preferential interaction
of FA-Gua on the (001) facet. Such preferential interaction could effectively feduce the surface
energy of the (001) facet, promoting its stabilization and facilitating crystal growth in that
direction [58,59]. Therefore, the mechanism of FA-Gua-induced crystal plane etientation growth
is demonstrated in figure 2(i). The FA-Gua formed by the in-situ reaction of CIFACI and FAI
effectively binds to the (001) facet through coordination and hydrogen bonding, thereby reducing
the surface energy of the (001) crystal plane. During the annealing process, the adsorption of FA-
Gua induces the preferential growth of the (001) crystal plane, while the growth of other crystal

planes is relatively lagging [60]. IS
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of FAPbI; facets. (1) Schematic diagram of the nucleation and crystallization for the contrel and

CIFACI-treated perovskite films.

Scanning electron microscopy (SEM) was applied to explore the effect of €£IFA€I additive on
the morphology of perovskite films. As shown in figure 3(a) and 3(b), the CIEACI-treated film
exhibited larger crystal size (figure S16) and flatter surface. For the cross-sectional SEM images
(figure 3(c) and 3(d)), the CIFACI-treated perovskite film showed im\proved crystallization
orientation and fewer grain boundaries. The in-situ formed FA-Guainteracted with (001) facet
through coordination bonds, inducing the directional growth ofsthe crystal. Subsequently, it

diffuses to the grain boundaries and passivates the uneoordinated Pb?>" and halide vacancies at

. . Ty . .
the grain boundaries through hydrogen bonds and ‘coordination interactions.

Steady-state and time-resolved photoluminescence (PL and TRPL) measurements were used
to reveal the carrier transfer and recombination, mechanism. The PL spectra of the as-prepared
perovskite films are displayed in figure 3(e); in which the PL intensity of CIFACI-treated
perovskite film is remarkably énhanced .compared with that of the control film, indicating the
reduced traps in perovskite films with the introduction of CIFACL. The TRPL spectra of the
perovskite films prepared on different substrates and fitted using a double exponential decay
function are displayed in figure 3(f) and S17. As shown in figure 3(f), the CIFACl-treated film
prepared on glass shows a prolonged average carrier lifetime compared with the control film, and
the corresponding detailed parameters are summarized in Table S1. In addition, on PCsi:BM/ITO
and 2PACz/ITQj the CIFACI-treated perovskite film shows improved transporting ability of
electrons (figure S17a and Table S2) and holes (figure S17b and Table S3), respectively. These

resultsisuggest that the as-formed active guanidine effectively passivates defects and improves
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crystallinity of the perovskite film, which contribute to the suppression of nonradiative

recombination and facilitate charge carrier transport.

Furthermore, selected area PL mapping measurement on both control and CIFACI-treated
perovskite films was conducted to further verify the improvement of perovskite film crystallinity
and the suppression of nonradiative recombination, as shown in figure 3(g) and 3(h). It can be
observed that the perovskite film containing CIFACI shows higher PL int\ensity, indicating that
the defects are passivated effectively. Meanwhile, as displayed in figare 3(i) and S18, the Kelvin
probe force microscopy (KPFM) results demonstrate the/.CIEA Cl-treated perovskite film exhibits
a more uniform and narrower distribution of surface contact potential difference (CPD) than that
of the pristine one, indicating a reduced degree of energy disgrder of the perovskite film surface
[61-64]. Moreover, the CIFACI-treated perovskite film shows a lower average CPD (-183.4 mV)

compared with that of pristine film"(=145.4 mV), which is beneficial to reducing the hole-

transport barrier of perovskite/HTL interfacelayer and facilitating efficient charge transfer.
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Figure 3. Comparison of the cry?tallinity and optical properties of thin films. (a-d) Top-view and
cross-sectional SEMdamages of control and CIFACI-treated perovskite films. (e) Steady-state PL
spectra of perovskite films without and with CIFACI treatment. (f) TRPL spectra of control and
CIFACI-treated perovskite films based on glass. (g-h) PL mapping of control and CIFACl-treated

perovskite films. A1) KPFM patterns of control and CIFACl-treated perovskite films.

Then we studied the effect of the strengthened intermolecular interactions in the interior of
crystals and the suppression of defects with the in situ formation of FA-Gua on the stability

enhancement of facet-oriented perovskite films. As displayed in figure S19, the CIFACl-treated
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perovskite film shows a larger water contact angle (73°) compared to the control film(59°),
indicating the released surface tension as well as the improvement of stability toward humidity of
the perovskite film processed with CIFACI. In addition, the photographs of conitrol and CIFACI-
treated perovskite films heated at 80 °C in ambient air (40-60% RH) for‘10.days are shown in
figure 4(a). For the control film, a yellow phase appeared at the edge after heatifig for 9 days, and
the film degraded severely after 15 days. However, the CIFACl-treated perovskite film remained
in the black phase and slightly degraded around the edges after,15sdays, showing excellent
thermal and humid stability. Moreover, to systematically evaluate the influence of in situ formed
FA-Gua on the stability of perovskite film, we recotded the decomposition process via SEM
measurements. As exhibited in figure 4(b) and 4(c), after being heated under 80 °C in ambient air
with 40-60% relatively humidity (RH) for 96,h, the control perovskite film degrades severely
with Pbl, flakes appeared on the surface, while he CIFACI-treated perovskite film shows little

change (figure 4(c)).

Meanwhile, as shown by the XRD results (figure 4(d)), after 12 days of storage in the ambient
air (25 °C, 60% RH), the controlfilm exhibited enhanced peak intensity of Pbl> (12.7°) and the
0-FAPDI3 phase (11,8°), while the CIFACl-processed perovskite film maintained its black a-
phase. We further prebed the effect of CIFACI treatment on the enhancement of thermal stability
of perovskite film under the condition of 60 °C in N2 atmosphere for 18 days. As displayed in
figure 4(e) and 4(f), the peak intensity of (001) and (022) crystal facets of the control perovskite
film decreased along with an increase of Pblx peak intensity. For the CIFACI-treated perovskite
filmgthere wasnegligible degradation of the (001) and (022) crystal facets, with a slight increase
for ‘the peak intensity of Pblz. To evaluate the effectiveness of FA-Gua in preventing lead ion

leakage from the perovskite film under extreme conditions, an acidic solution immersion test was
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performed on unencapsulated perovskite films [65]. As shown in figure S20a, after,being
immersed in an acidic solution for 60 min, the control film completely degraded, while the
CIFACI treated film remained in a stable black phase, indicating the FA-Gua, can effectively
prevent lead leakage. Meanwhile, we conducted an inductively coupled plasma mass
spectrometry (ICP-MS) measurements on the leaching solution (figure S20b){The control film
exhibited a high lead ion concentration of 0.015 pg/L, while the CIFACI-treated film showed
minimal lead leakage of 0.0025 pg/L, indicating that the strong interaction of the active FA-Gua

enhanced the hydrophobicity of the film and effectively inhibited its degradation.

The above results demonstrate that the CIFACI-treated.films possessed excellent thermal and
. & e e .
humid stability attributable to the strong hydrogen bonding and coordination interaction between

the amino-groups-rich FA-Gua molecules and perovskite surface (figure 4(g)).
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Figure 4. Enhanced intermolecular interactions improve the stability of perovskite films. (a)
51 Photographsiof control and CIFACI-treated perovskite films under 80 °C heating aging in
53 ambient air (40-60% RH). (b-c) Surface SEM images of control and CIFACI-treated perovskite

33 filmssbefore and after being heated at 80 °C in ambient air (40-60% RH). (d) XRD patterns of
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control and CIFACI-treated perovskite films stored in ambient air (60% RH). (e-f) XRD patterns
of control and CIFACI-treated perovskite films stored under 60 °C heating in N; glovebox for 18
days. (g) Schematic illustration of the decreased moisture sensitivity of perovskite crystals with

the introduction of CIFACI and in situ synthesis of FA-Gua.

Inspired by the optimized crystallization orientation, reduced defects and enhanced stability of
the perovskite film, we fabricated inverted p-i-n devices wia the structure of
ITO/2PACz/perovskite/PCsiBM/BCP/Ag to study the effect of iny,situ formed FA-Gua on
photovoltaic performance, as illustrated in figure 5(a). As displayed in figure 5(b), the control
device exhibits a highest PCE of 23.85%, with a Voc of\1.16 V, a short circuit current density
(Jsc) of 25.06 mA c¢cm?, and a fill factor (FF) of 81.86%. fn comparison, the CIFAClI-treated
devices show a champion PCE of 25.85%, along,with an increased Voc of 1.21 V, a Jsc of 25.76
mA c¢cm? and an FF of 82.93%. In addition, compared with the pristine device, the hysteresis
index of CIFACI-treated device decreased frem 6.4% to 2.6% owing to the reduced defect state

density (figure S21). The statistieal box charts of PCE, Voc and FF are shown in figure 5(c) and

S22, in which the CIFACl-treated devices showed improved parameters.

Meanwhile, by comparing non-in situ and in situ reaction in perovskite precursor, we find that
the in situ reaction€an achieve low voltage loss and long-term working stability. Compared with
the reported works, we used chloroformamidine hydrochloride (CIFACI) to in-situ react with FA
cation to inhibit/impurity intermediate phase in the perovskite film, and prepared high-quality
and stable perovskite films by adjusting the phase transformation kinetics, resulting in PSCs with
thedowest Voc loss and the highest PCE (figure S23). Then, the corresponding external quantum
efficiency (EQE) spectra of control and CIFAClI-treated devices are shown in figure 5(d). The

integrated Jsc of 23.52 and 24.50 mA cm are consistent with the corresponding current density
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versus voltage (J-V) results. Meanwhile, the CIFACl-treated device shows an excellentistable
output efficiency under the maximum power point. As shown in figure 5(e), the PCE maintained

at 25.48% with a stable output current density of 24.03 mA c¢cm™.

The space-charge-limited current (SCLC) method was applied to.quantify the effect of
CIFACI treatment on the defect state density of perovskite films. As demonstrated in figure 5(f),
for the hole-only devices, the CIFACI-treated perovskite film exhibited\ a lower trap density
(2.49x1015 cm) than the control device (3.86x1015 ¢cm™). Meanwhile, for the electron-only
device, the trap densities of perovskite films without andswith, CIFACI treatment were 3.86x1015
and 2.71x1015 ¢cm™, respectively (figure S24). These results suggest that the in situ formed FA-
Gua passivated defects in perovskite films effectively, whic?l is beneficial to reducing charge-
carrier recombination and improving the hphotoclectric performance of the devices.
Electrochemical impedance spectroscopy.(EIS) measurement was conducted to study the carrier
transport and recombination behavior of the as-prepared devices. The corresponding nyquist
plots and bode plots are displayed in figure S25. Upon the incorporation of CIFACI, the
recombination resistance (Rree) b, the Jow-frequency region increased and the lifetime was

prolonged, suggesting the suppressed defect-assisted charge recombination and improved charge

transport in CIFACI-treated.devices thanks to the reduction of defects.

To further revealithe carrier recombination mechanism in the control and CIFACI-treated
devices, light intensity dependence of Voc was measured. As shown in figure 5(g), the slop of
CIFAC]I-treated device decreased to 1.32k37/q compared with that of the control one (1.56k37/g),
indicating the effective suppression of non-radiative carrier recombination by the introduction of
CIFACIL. Furthermore, the effect of CIFACI treatment on internal carrier dynamics of devices

were ‘investigated by transient photovoltage (TPV) and transient photocurrent (TPC)
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measurements. As shown in figure 5(h), the device treated by CIFACI exhibited a much longer
photovoltage decay lifetime (227.87 ps) than the control device (80.53 ps). Meanwhile, the TPC
decay curve of the CIFACI-treated device gives a carrier transfer time of 49.76 us, which is
shorter than that of the pristine one (88.61 ps, figure S26). The detailed parameters are
summarized in Table S4 and Table S5. The in situ synthesis of active guanidine effectively
suppressed carrier recombination and enhanced charge extraction,resulting in prolonged

photovoltage decay lifetime and decreased carrier transfer time [66].

We conducted continuous maximum power point tracking (MPPT) tests on the control and the
CIFACI-treated devices to examine the operational stability of the devices. As shown in figure
S27, the results indicated that CIFACI-treated ' device ma?ntained 90.14% of initial power
conversion efficiency after 400 hours (~40% RH at room temperature, ISOS-L-1), while the
control perovskite solar cell dropped tesapproximately 78.71%. In addition, we also conducted
wet heat stability test on unencapsulated devices in the air environment. As shown in figure S28,
under the conditions of temperature of 80 °C and 60% relative humidity, CIFACl-treated devices
maintained 90% of the initial.effi¢iency after 200 hours, while the lifespan of the control devices
was significantly shortened. This indicates that the generation of active guanidine salts enhances
the intermolecular interactions, within the perovskite film, thereby significantly improving the
wet heat stabilitysof the devices. Furthermore, the long-term storage stability of unencapsulated
devices with/and without CIFACI treatment was measured under N> atmosphere. As displayed in
figure 5(i), after 2000 h, the CIFACl-treated device maintained 95% of its initial PCE, while PCE
of the-eontrol device decayed to 78% of the initial value. This result confirms the effectiveness

of the in situ synthesized FA-Gua on the stability enhancement of PSCs.
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Figure 5. Device performances and carrier recombination statistics. (a) Schematic illustration of
device structure of p-i-n single-j?nction solar cell. (b) PCE distribution of pristine and CIFACI
treated devices. (c) J-V eurves of champion PSCs with and without CIFACI treatment. (d) EQE
spectra and the corresponding integrated Jsc curve of the CIFACI-treated device. (e) Stabilized
power output©f the CIFACl-treated device tracked at the maximum power point. (f) Dark J-V
characteristics of hole-only devices with and without CIFACI treatment. (g) Light dependence of
Voc of the devices with and without CIFACI treatment. (h) TPV curves of the devices with and

without CIFACI treatment. (i) Long-term stability tests of unencapsulated control and CIFACI-

treated devices under N> atmosphere.
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4. Conclusions

In summary, CIFACI is introduced to the perovskite precursor solution to induce the formation
of active guanidine through in situ reaction between CIFACI and FAI. Detailed characterizations
demonstrated that the as-synthesized FA-Gua not only optimized the crystallization kinetics of
perovskite and promoted the generation of a-FAPbIz, but also induced. the formation of (001)
facet dominant perovskite film with higher crystallinity. Benefiting from\the strong interaction
between nitrogenous groups and perovskite, the generated active guanidine strongly passivated
the defects of perovskite film and suppressed carrier recombination; thus improved the humidity
and thermal stability of CIFAClI-treated perovskite film and photovoltaic performance of devices.
The CIFACI-treated devices gave an optimized PCE of 25 .83%, along with an excellent Voc of
1.21 V and an improved FF of 82.93%. In addition, the unencapsulated CIFACl-treated devices
retained 95% of the initial PCE aftérs2000 h'storage. Our work provides a reliable way for

further understanding the interaction between.additives and perovskite precursors, promoting the

construction of high-efficiency and stable PSCs.

5. Future perspectives 2

Looking ahead, this additive-engineering platform-where chloroformamidinium hydrochloride
(CIFAC]I) is judiciously deployed to orchestrate an in-situ, crystal-face-selective reaction-sets a
new benchmark for defect-scarce, orientation-ordered perovskite films. By precisely steering the
phase-transformation/kinetics, the approach not only suppresses parasitic intermediates but also
accelerates the | formation of thermodynamically and kinetically favored crystal facets.
Consequently, perovskite solar cells exhibit high power-conversion efficiencies alongside

enhanced ambient and thermal stability. Beyond laboratory-scale devices, the methodology is
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intrinsically scalable and compatible with roll-to-roll processing, positioning it as a robust
pathway toward industrial-scale manufacturing of next-generation, high-performance

photovoltaics.
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