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Abstract: The properties of metal-centred species in metal halide perovskite precursor solutions substantially influence
the formation and evolution of colloidal particles, which in turn dictate the crystallisation process and the film quality. In
this work, we assess the “hard” and “soft” Lewis acid characteristics of Sn>* and Pb?* cations as a strategy to modulate
the chemical environment of these metal-containing species in mixed-metal tin-lead perovskite precursor solutions. We
observe enhanced simultaneous access to both metal centres upon adding compounds with functional groups suggested
by the hard-soft acid-base principle. Theoretical calculations suggest that the hard base carboxyl group preferentially
interacts with Sn?*-based species, while the softer base thiol group also targets Pb>*-based species. By effectively accessing
and manipulating possible classes of inorganic species and their colloidal particle properties in the precursor solutions, we
achieve 1.26 eV perovskite polycrystalline films exhibiting enhanced structural and optoelectronic quality, giving the best
quasi-Fermi level splitting values of up to 0.95 eV. As a result, the solar cell devices demonstrate efficiency values of up to
23.3% with an extended operational lifetime, retaining 80% of their initial efficiency after over 280 and 180 h of maximum
power point tracking under simulated AM1.5G illumination at 25 and 65 °C, respectively.

J

Introduction

Metal-containing species—studied across a wide spectrum
of organic and inorganic chemistryl'?l—are also crucial
components of metal halide perovskite precursors and their
solutions, which are used in the deposition of thin films
for fabricating optoelectronic devices that have garnered

widespread interest.*®] In particular, mixed-metal tin-lead
(Sn-Pb) perovskites inherently exhibit greater complexity
in B-site-related aspects compared to their neat lead- or
tin-based counterparts, suggesting considerable room for
study.] For optoelectronic device applications, the bandgap
bowing effect (nonlinear bandgap change)®'l in mixed-
metal Sn—Pb perovskite materials enables them to respond
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to electromagnetic radiation with energies as low as around
1.2 eV.[>!>"14] This narrow-bandgap nature makes them highly
suitable for fabricating efficient single- and multi-junction
solar cells[*!'*2!] and near-infrared emitters/detectors, which
are applicable in energy conversion, sensing and imaging
technologies.[?>28]

The development of these materials and their devices has
nevertheless been hindered by the limited understanding of
their controllable thin film fabrication and quality retention,
especially given the rapid crystallisation dynamics and the
facile oxidation of Sn’* to Sn*".*3] To deposit high-
quality thin films, the field has explored Lewis bases**3°l—a
class of molecules that can establish interactions through
electron/lone-pair donating to the metal cations—to enable
an intermediate stage for improved control of processing.[**]
Some examples are the introduction of dimethyl sulfox-
ide (DMSO) as a solvent for perovskite deposition,*¢-3*]
ureal®] (or thioureal*"l), acetatel*!] and pyrrolidonel*?l-based
molecules for solution[**#3#] and hybrid evaporation-solution
processes,[*] or diamines!**l and zwitterionic compounds!*!
to regulate the solution-based crystal growth and defect
passivation. Based on the existing literature,[+162%3048] we
note that in these mixed-metal Sn—-Pb perovskites, the
strategies applied are largely focused on manipulating the
Sn-centred species,[*2124149-51] Jeaving the Pb**-based coun-
terparts less explored. As learnt from the early time studies
of the field,*”] high-quality neat Pb perovskite films are
obtained through the introduction of intermediate phases
composed of the solvent molecule(s) and metal-centred
species. In mixed metal systems, thus, understanding the indi-
vidual roles of metal centres—potentially spanning multiple
classes—and developing methods to tune the environment
of each metal would unlock new possibilities. The simul-
taneous and controlled manipulation of the metal centres
could avoid potential heterogeneities and compositional
gradients, which are critical in systems with structural
complexity.
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In particular, Pb>* and Sn?* present intrinsic chemical
differences in terms of their hard—soft characteristics as Lewis
acids, thus making the hard-soft acid—base (HSAB) principle
a tool with great potential to rationalise the behaviour of these
metal cations. This empirical approximation describes acids
and bases as hard for small, highly electronegative and non-
polarisable atoms/ions and as soft for big, low electronegative
and polarisable ones with a more diffuse electron distribution
(Figure 1a). Hard bases tend to bind hard acids, forming hard—
hard species that establish affiliations through electrostatic
interactions in a more ionic-character bond, opposite to soft
acids and bases that will tend to form soft-soft species with
a higher covalent nature. This relative affinity is ultimately
determined by the symmetry and energy of the frontier
orbitals (HOMO (highest occupied molecular orbital) for the
base and LUMO (lowest unoccupied molecular orbital) for
the acid), which influence the strength of the resulting bond,
as well as by the acidity/basicity level. Therefore, identifying
the respective acids and bases in solutions as hard or soft
will enable a prediction of their chemical affinities and the
products being yielded. According to these characteristics, we
can classify the different elements and their oxidation states
as harder or softer species (Figure 1b). This also enables us to
select ions or functional groups to design organic compounds
for a preferential affinity towards a specific metal cation,
according to its hard-soft nature.l’?] For our particular case,
Sn** is a harder acid than the softer Pb**, due to its higher
charge density and lower polarisability despite their similar
electronegativity values.

In previous studies, we observed the preference of the
carboxyl group (—COOH) to coordinate with Sn>* centres
in mixed-metal Sn—Pb perovskite systems, both in solution[#!
and at their surface sites of thin films.[**] In addition, we
also found that the Sn**, oxidised from Sn’>*, in solution
can be effectively captured by, for instance, halide anions,>*!
based on the affinity variation raised by the charge-induced
Lewis acid hardness (a higher charge in the nucleus will
make the cation harder). Thus, HSAB characteristics offer a
simple and effective way to desirably access specific metal-
centred species and tune their chemical environment. In this
work, we present a set of guidelines to access metal-centred
species in mixed-metal Sn—Pb perovskite precursor solutions
through the introduction of multifunctional molecules bearing
basic groups that show a tunable preference towards Sn>*
and Pb%>*. As suggested by density functional theory (DFT)
calculations, the Sn?* cation with a hard Lewis acid level will
be preferentially bound with the electron/lone pair donating
moieties that show hard Lewis basicity. Conversely, the Pb**
cation tends to be more favourable towards softer Lewis
bases. To verify this, we select different ammonium-based
salts and derivatives containing the hard —COOH and/or
soft (relatively) thiol (—SH) groups, which, as shown by
solution characterisations, demonstrate an enhanced ability
to concurrently manipulate the environment of both Sn**
and Pb>*, owing to their respective chemical affinities. This
control over metal-containing species results in thin films with
improved morphological and crystalline quality, enhanced
optoelectronic properties and well-performing photovoltaic
devices.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



. Angewandte
%Ch Research Article Y i
a) b)
Hard—Hard Soft—Soft Acids
Hard
-
lonic Covalent

— —5—"%

c) d)
0.0 —-COOH -SH
177075855 R%%

il
77877877877
77877877877

— 2707 1 W

s e P

) 7787 1

Z-0.2}7F 1 &

=

= 4

o

(@)]

c Me

£-04}

.E Cys

0

&4 Sn
-0.6 L®=Me 223 Pb

Figure 1. HSAB principle in theory: a) Bonding characteristics (top) and HOMO-LUMO interactions (bottom) for hard—hard and soft—soft cases. b)
Hard-soft trends for acids and bases. c) DFT calculated binding energies between the CH3COOH/CH3SH (Me) (Cysteine, Cys) and
Snly+(DMSO)3/Pbly*(DMSO)3 complexes, with —COOH or —SH binding to the metal centres. d) DFT-optimised configurations of cysteine and
Snl;+(DMSO)3/Pbl,+(DMSO)3 complexes with —COOH or —SH bound to the metal centres. The binding energies are provided below the optimised

structural configurations.

Results and Discussion

Design Strategy

In our previous work, we comprehensively explored the
precursor solution systems of the Sn—Pb perovskites modified
with the amino acid, ammonium and carboxyl acid function-
alities individually."8] Based on a series of characterisations,
we revealed that the desirable effect of the modification from
the ammonium and carboxyl groups requires the presence
of these two functional moieties introduced via a single
molecule. Intriguingly, we observed a significant chemical
interaction between the carboxyl group and the Sn>*-based
species, while the Pb>* counterparts remained less affected
by this functional group. Considering the HSAB principle
and the accessibility of organic compounds, we select cysteine
hydrochloride (CysHCI), a proteinogenic amino acid-based
halide salt, to target species of both metals. In addition,
this compound has also been employed successfully in Sn—
Pb perovskite films for surface modification!™! or the in
situ generation of a redox dimer in precursor solutions.>!
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We propose here that each of the functional groups in
CysHCI plays a specific role. Thanks to its enhanced polar-
ity, the positively charged ammonium moiety is expected
to improve optoelectronic film properties through effec-
tive defect passivation.['®] Meanwhile, the carboxyl group
preferentially interacts with Sn?*-centred species, and the
thiol moiety strengthens binding with Pb%**-based species.
This tailored molecular design enables precise control over
solution properties, ultimately enhancing film quality.['®]

Chemical Interactions

To prove the applicability of the hard-soft characteristics to
this system, we perform calculations to evaluate the respective
chemical affinity between functional groups. We first consider
halogen-metal complexes in DMSO, represented by solvated
SnL+(DMSO); and Pbl,*(DMSO); complexes, which rep-
resent the possible stable species in solution suggested by
the previous study.’’] We investigate the interaction energy
of these penta-coordinated complexes with CH;COOH and
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CH;SH molecules, representing the individual binding groups
of a cysteine molecule and, more generally, standing in as hard
and soft Lewis bases, respectively (Figures 1c and S1). The
carboxyl group interacts more favourably with the solvated Sn
complex than with the Pb counterpart, with binding energies
of —0.59 vs —0.40 eV. For the thiol group, in contrast, the trend
is reversed, giving the binding energies of —0.21 and —0.34 eV
for Sn- and Pb-based species, respectively. In the case of
cysteine, we also observe the same trend for the interactions
of the optimised configurations (Figure 1c,d). This is further
examined by two binding configurations of the perovskite
lattices (Figure S2). Thus, these results suggest that, while
both functional groups have favourable interactions with both
metallic cations, the hard base —COOH exhibits a certain
preference for the hard acid Sn**, while the soft base —SH
largely binds to the soft acid Pb**, following the HSAB
principle. In this way, cysteine can enhance the control over
the environment of both Sn>* and Pb>* concurrently.

For experimental studies, we prepare mixed-metal Sn—Pb
precursor solutions, 1.8 M Csy1FA(sMA(3SnsPbysl; (MA:
methylammonium, FA: formamidinium), using DMSO/DMF
(N,N-dimethylformamide) mixture in a 1:3 volume ratio as
solvent.*] During the preparation, we first observe that
the addition of 1 mol% of CysHCIl leads to a turbid
perovskite precursor solution after about 1 h of stirring,
and the turbidity increases with the amount of CysHCI
added (Figure S3), suggesting the establishment of increased
interactions between the amino acid and perovskite precursor
materials, leading to precipitation/agglomeration. While the
formation of a turbid solution may raise concerns about the
stability of the precursor for thin-film processing, we find
that strictly limiting the dissolution time to approximately
30 min before deposition is critical. To understand which
material(s) specifically lead to the phenomena, we prepare
solutions with a series of material combinations of the
precursor(s) and CysHCI. First, we mix CysHCI individually
with each precursor material and observe that no combination
leads to the appearance of a turbid solution (Figure S4).
Thus, we aim for the opposite strategy, removing individual
precursors from the full perovskite precursor solutions, while
also considering the total removal of the organic (i.e., without
both FAI and MAI) and metal cation parts (i.e., without
both Snl, and Pbl,) (Figures S5 and S6). The photographs
show that the solutions, which turned out to be noticeably
not turbid, occur only in the cases without Csl, or Snl,
and Pbl,, or SnF,. The level of turbulence also shows a
concentration dependence, appearing to be clear when the
full 1.8 M perovskite precursor solution was diluted down to
about 0.8 M (Figure S7). To explore whether the observed
turbidity could be attributed to the potential formation
of low-solubility CsF in solutions with high concentrations
of inorganic components, we conduct further investigations
into the solution behaviour. We prepare Sn-Pb perovskite
precursor solutions without additives under study (control)
and with the addition of GlyHCl and CysHCl—where CysHCI
differs from GlyHCI by the presence of a —CH,—SH group.
All filtered solutions are observed at 0, 30, 60, 120 and 240
min to monitor changes in appearance (Figure S8). Initially
(0 min), all solutions are clear. The control and GlyHCI-
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containing solutions remain clear for the entire 240-min
period. In contrast, the CysHCl-containing solution becomes
noticeably turbid after 60 min and remains turbid up to
240 min. This suggests that the turbidity primarily arises from
the —CH,—SH group present in CysHCI. Our findings support
the hypothesis that the introduction of a softer functional
group enhances interactions between the amino acid salts and
the inorganic precursor-containing species in solution, where
a small addition (5 mol%) of SnF, appears to play a critical
role.

We then focus on understanding the interactions between
the inorganic materials and the additives in the solution.
We prepare and characterise the inorganic material solutions
bearing CysHCI and its different derivatives using 'H NMR
(Figure 2b). We focus on the inorganic materials due to
the affinity of Cys to them based on their chemical nature
and the above observations. The removal of the relatively
large number of organic signals from hybrid perovskite
compositions could reduce the possibility of having the proton
signals of the additives overlap with the organic precursors.
We mix CysHCI with the two different inorganic perovskite
compositions (CsSnl; and CsPbl;, with 5 mol% SnF;),
analysing the change in each functional group when in the
presence of Sn or Pb precursors. Due to the presence of Sn**
from SnF, in both samples, the proton of the carboxyl group
at 14.1 ppm disappears after perovskite addition, suggesting
strong coordination with Sn** cation.['®>3] The thiol proton
does not show up in any spectra, which is expected to appear
around 2-2.5 ppm, presumably due to a fast exchange rate
with the small water content present in the solution.[**] How-
ever, the protons of the carbon attached to the sulphur atom,
which are differentiated due to their diastereotopic nature,
are strongly shifted to the lower field. This deshielding of the
protons necessarily comes from the increase of the electron-
withdrawing character of the sulphur atom, suggesting the
electron deficiency in sulphur. This is most certainly due to
its coordination with the metal cations in solution through
electron sharing. Furthermore, the shift is much stronger
for the Pb-based perovskite (+0.60 ppm) than for the Sn-
based one (+0.18 ppm), suggesting stronger donating and
affinity of the soft thiol group to softer Pb’* in comparison
to harder Sn>*. The ammonium protons (integrating for ~3
units) also shift, but to more shielded positions, to 0.75 ppm
lower in both cases. This implicates the interaction of the
ammonium group with the perovskite precursors through the
halide(s), which increases the electronic density around the
ammonium protons.''8! This interaction could also facilitate
the arrangement of the amino acid cations on the surfaces of
the perovskite particles. Thus, Cys cation presents evidently
enhanced interactions with the perovskite precursors in
solution through the three functional groups studied, i.e.,
—NH;*, —COOH, and —SH, consistent with the theoretical
modelling results.

To evaluate the existence of chemical preferences, accord-
ing to the HSAB principle, for the carboxyl and thiol groups
for Sn?* and Pb*' centres, respectively, we conduct liquid
98n and 2”’Pb NMR measurements. For a tight comparison,
we prepare samples of 0.5 M Pbl,, CsPbl;, Snl, and CsSnl;
individually with the addition of 5 mol% of CysHCI, GlyHCl

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Solution chemistry characterisations. a) Chemical structures of cysteine hydrochloride (CysHCl), glycine hydrochloride (GlyHCI, without
—CH,—SH vs CysHCl) and 2-mercapto-ethyl-amine hydrochloride (MeAHCI, without —COOH vs CysHCl). b) TH NMR of CysHCl and with the
addition of CsPblz and CsSnls (asterisk is the signal from DMF). "Sn and 2% Pb NMR of ¢) MI; and d) CsMI3 (M = Sn and Pb) without and with
different additives. e) 133Cs NMR of Csl and CsSng sPbyg 513 without and with different additives. f) SAXS scattering curves of the mixed Sn—Pb
perovskite precursor solutions prepared with no additive under study (control), individually with the addition of 1 mol% GlyHCl or CysHCI.

(without —CH,—SH vs CysHCl) and MeAHCI (without
—COOH vs CysHCI) (Figure 2a). The 27Pb and '"Sn NMR
results show a deshielding of the signal for every additive in
the order of Me AHCI > CysHCI > GlyHCI for both Pbl, and
Snl, solutions (51, 41 and 40 ppm, and 27, 22 and 15 ppm,
respectively) (Figure 2c,d). The downfield shift is caused by
a partial replacement of the most electron-donating ligand,
DMSO, by a less-donating one(s),['®] which in this case would
be any of the functional groups in the additives under study.
This observation points out a stronger influence on the envi-
ronment of both metallic cations by the additives containing
the thiol group. In the case of CsSnl; solutions, the order in
downfield shift is altered to CysHCI > GlyHCl ~ MeAHCI
with smaller absolute changes (14, 8 and 8 ppm, respectively).
These results suggest that the multifunctional cysteine moiety
establishes overall stronger interactions with the perovskite
precursors in solution. The stronger shift caused by the thiol
group in the Sn spectra does not necessarily mean a more
favourable binding that opposes the HSAB principle. Instead,
it is a consequence of the S atom in the thiol group having
a more available lone pair than the O in the carboxyl,
which would increase its electron-donating ability and thus
increase the electron density on Sn>* more effectively. Thus,
the coordination of Sn** by the thiol can be energetically
less favourable than by the carboxyl and still have a higher
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influence on its chemical shift. Nevertheless, these results
unequivocally prove that both functional groups have the
ability to coordinate Sn’**. Meanwhile, the differences are
very subtle in the case of CsPbl; solutions, with comparable
chemical shift values for all the samples in a range of less
than 10 ppm, relative to the large chemical shift range, e.g.,
1545.16 ppm for the control. Interpreting the CsPbl; solutions
with a complete Pb-based inorganic perovskite composition
is more challenging, as the addition of the A-site causes a
substantial downfield shift (+830 ppm) due to the higher Pb—
I coordination level.[*! In this scenario, there is a reduced
contrast in chemical shift effects between iodide ions and
the functional groups of the additive, masking the specific
effects of the additives for this particular case. Interestingly,
we observe that in these solutions containing neat inorganic
perovskite precursors, the thiol group also noticeably affects
the chemical shift of Sn?*, in the same way as the carboxyl
group affects the chemical shift of Pb>*. Thus, the proton
and metal NMR results point out that the different functional
groups exhibit soft-soft and hard-hard preferences towards
the metal centres, though without strict selectivity. Both
carboxyl and thiol groups form relevant interactions with Sn>*
and Pb?* alike. These findings align with the DFT results in
Figure 1c, which are compatible with HSAB-based chemical
preferences, while also supporting the occurrence of both

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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hard-hard/soft-soft and hard-soft bindings, consistent with
the negative energy values from the modelling in all cases.
Overall, combining functional groups of designated nature
within a single structure, such as in the cysteine moiety,
enhances simultaneous access to the metal cations, enabling
strengthened control over their chemical environment.

The solutions also contain the inorganic Cs* cation, to
which the studied additives could have a certain or high
affinity. We evaluate any potential influence from it on the
behaviour observed for the additives by measuring '*3*Cs
NMR of CsI and CsSngsPbysI; solutions (Figure 2e). CsI
solutions in the presence of the additives show negligible
shifts (less than 0.2 ppm), indicating the lack of relevant
coordination of the cation by the thiol and carboxyl groups
due to the much larger size of this cation compared to Sn**
and Pb?*, which have a similar ionic radius and thus allow
their comparison in the present study. However, mixed-metal-
containing CsSngsPbgsI; solutions exhibit substantial shifts
of Cs: 0.8 ppm for MeAHCI and 1.6 ppm for CysHCI and
GIlyHCl, suggesting that the influence of the additive on the
inorganic perovskite colloidal particles is likely promoted
through the B-site metal-centred species. This aligns with
the critical role of Cs in perovskite colloidal formation, thus
also clarifying the eventual turbid solution of the inorganic
perovskites as observed.

Taking into account the notable preferential interactions
of CysHCI with the mixed Sn—Pb perovskite precursors, we
anticipate the ability of this additive to influence the colloidal
properties of the mixtures and thus their crystallisation into
thin films.['8] Hence, we perform small-angle X-ray scattering
(SAXS) to reveal the effect of CysHCI on the mixed Sn—
Pb perovskite precursors in solution.[®*®!] In Figure 2f, we
compare the SAXS curves of 1 mol% CysHCI with the same
amount of GlyHCI and a reference sample with no additive
under study. We observe no difference in the position of
the structure factor maximum, meaning that the recurring
interparticle distance d among the three samples remains
unchanged, located for all of them at a g of roughly 4 nm~!.
However, at low g values, the introduction of additives leads
to a flattening of the slope compared to the control, more
pronouncedly for CysHCI. The negative slope at low g-values
can be assigned to the existence of larger structures, being
uncovered in the scanned g-range, with a broad size distri-
bution. In contrast, the absence of this slope in combination
with the presence of small particles/subunits indicates an
arrangement of significantly larger scale. Therefore, these
two additives seemingly share the potential to homogenise
the size distribution of larger species (likely dominated by
the inorganic precursors), suggesting a universal role of
this class of additives, amino acid salts, for manipulating
perovskite colloidal properties effectively.'®?] This trend
is evident in the concentration study for both additives,
from 1 to 5 mol% (Figure S9). Meanwhile, for CysHCI, we
obtain comparable results for any concentration, meaning
that the positive effect on the colloids is obtained already
at low concentrations compared to the gradual evolution
of the GIyHCI case, suggesting that the thiol group is
further promoting a homogeneous distribution of particles in
solution. These results prove that we can ultimately influence
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the perovskite precursor colloidal properties by selecting
the chemical nature of additive functionalisation for specific
interactions in solution. In this case, further introducing a
softer functional group with a high affinity to softer Pb**
opens the door to modulating the environment of all classes of
metal cation-based species in solution more strongly, yielding
a homogeneous distribution of particles in solution. This is
expected to contribute to a homogenised nucleation and
crystallisation for better thin film growth.

Film Properties

To assess the impact of CysHCI on the morphology and
crystallinity of perovskite films, we deposit thin films with
varying additive concentrations and conduct scanning elec-
tron microscopy (SEM) and X-ray crystallography diffraction
(XRD) characterisations. The top-view SEM of the control
samples shows a compact thin film with a homogeneous
distribution of grains (Figure 3a). It presents, however,
bright deposits mainly in the region close to the grain
boundaries, probably related to SnF, residuals,®?] which are
less noticeable for CysHCl-containing films. Compared to the
rest of the films, the 2 mol% CysHCI films show more well-
defined boundaries of grains and grains with a cleaner surface
and slightly larger size. The statistical grain size analysis also
suggests a slight increase in the mean values with the increase
of added CysHCI (Figure S10). The cross-sectional SEM
images show no significant difference among the examined
films, giving a thickness of around 850 nm. We in addition
interpret the RMS roughness from the topographic AFM
images, yielding the values of 70.62, 38.34, 34.20, and 60.46 nm
for the control, 0.5, 1.0, and 2.0 mol% CysHCl-added films,
respectively. For the CysHCI films, the increased roughness in
the 2 mol% case is associated with the increased grain size
and well-defined grain boundaries, as suggested by the SEM
image. Therefore, the introduction of CysHCI, particularly
in moderate concentrations, leads to improvements in the
perovskite thin film morphology.

The XRD patterns are dominated by two peaks of the films
with the 23 values centred at 14.2° and 28.4°, corresponding
to the reflection of the (100) and (200) crystalline planes,
respectively?’! (Figure 3b). Upon the addition of the CysHClI,
we observe a systematic intensity enhancement of the (100)
peaks, with the 2 mol% CysHCI films showing a nearly
fourfold intensity increase compared to the control, while
the minor reflection at 29 of 20.1° from (110) remained
unchanged. In addition, the FWHM values of the (100)
peaks decrease gradually with the increased addition of
CysHCI, consistent with the accordingly increased grain size
collected from the SEM images. We observe no considerable
variations in the d-spacing values of the lattice, no diffraction
peaks detected at low 24 values (5°-12°, a region where
low-dimensional species generally appear), and no feature
changes in the absorption spectra of the films (Figure S11).
These results suggest that introducing a reasonable amount
of CysHCI through the perovskite precursor solution will
not impact the integrity of the 3D crystalline structure of
the as-deposited films, while the molecules are thus more
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Figure 3. Film properties: a) Top-view (top) and cross-view (middle, scale bar: 1 pm) SEM images and topographic AFM (atomic force microscope)
images (bottom, root mean square (RMS) roughness is provided), b) XRD patterns and the intensity and FWHM (full width of the half maximum)
values of the (100) peaks of the perovskite films prepared with no particular additive (control) and with the addition of 0.5, 1.0 and 2.0 mol% CysHCI.
c) XPS spectra of the S 2p core levels of the perovskite films prepared with the addition of 1 mol% CysHCI, with the samples probed from the top and
bottom (using a film peeled off from the glass substrate) surfaces. d) PLQE of different perovskite films illuminated from the glass side with a 532
nm laser at a 1-sun equivalent intensity for a 1.26 eV bandgap. Post-treatment is applied to all the films. e) QFLS mapping (left) calculated from
1.2mm x 1.2 mm PLQE images for the perovskite films recorded at open-circuit conditions under illumination (equivalent to 1-sun intensity for a
1.26-eV bandgap) from the glass side, and QFLS distribution histogram (right) generated with values collected from the left-side images.

possibly attached to the crystalline surface at the grain
boundary and interface regions. Overall, introducing CysHCI
into the precursor solutions for depositing mixed-metal Sn—
Pb perovskite films enables substantial improvements in
their morphology and crystallinity. These likely benefit from
homogeneous nucleation and material propagation, thanks to
the desirable chemical interactions and colloidal properties of
the perovskite solutions induced by the CysHCI additive.

Angew. Chem. Int. Ed. 2025, 202514010 (7 of 12)

Driven by an interest in locating the additive in the
films, we prepare the CysHCI films and probe from the
exposed top surface and the buried bottom surface (of a
film peeled off from the glass substratel®l) using X-ray
photoelectron spectroscopy (XPS) measurements (Figure 3c).
Based on the spectra of the S 2p core levels, we observe
only noise-level signals for the measurement of the top
surface of the film. However, a definable peak appears for
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the films with the exposed bottom surface. This suggests
that the Cys cations introduced into the perovskite precursor
solution predominantly sediment at the buried region of the
deposited films, following the observation and mechanism of
our previous studies.[182064]

We conduct macroscopic photoluminescence quantum
efficiency (PLQE) measurements under the 1-sun equivalent
intensity of 1.26 eV bandgap (Figure 3d). We probe at least
six different points from no less than two films of each
condition. The statistical analysis of the results suggests that
the films prepared with 1 mol% CysHCI show a mean PLQE
value of 15.9%, substantially higher than that of the control
and 0.5 mol% CysHCI films at 7.7% and 7.5%, respectively.
The highest PLQE value obtained for the 1 mol% CysHCI
films is up to 19.6%, yielding a quasi-Fermi level splitting
(QFLS) value (qVoc) of 0.95 eV, which corresponds to 96%
of the radiative limit, 0.99 eV, for the 1.26 eV bandgap
material.l[] To the best of our knowledge, these are the best
values reported for mixed Sn—Pb perovskite materials. With
the 2 mol% addition of the additives, we observe slightly
higher PLQE from CysHCI films compared to GlyHCI films,
with mean values of 14.8% and 11.5%, respectively. We
further map out the QFLS by calculating the imaged absolute
PLQE of the control and 1 mol% CysHCI film using the
setup we reported previouslyl®®! (Figure 3e). Compared to
the control, the CysHCI sample shows images with spatially,
on average, brighter and more homogeneous emission and
thereby larger QFLS values with smaller deviation, suggesting
better optoelectronic properties of the films on a millimetre
scale. This is expected to contribute to an improved device
fill factor (FF) and open-circuit voltage (Voc) values as
discussed in the next section. Learned from our previous
work,['8] the improved optoelectronic property of the mixed
metal Sn—Pb perovskite films prepared with the addition of
amino acid salts mainly originates from the passivation effect
of the ammonium functional group. Thus, we conclude that
attaching additional effective base group(s) to the amino
acid moiety of the ammonium salt class of additives could
further improve the optoelectronic property of the mixed
metal Sn—Pb perovskite films, presumably mainly owing to the
reinforced passivation effect of its ammonium terminal.l'8!

Solar Cell Devices

To further verify the improved optoelectronic properties of
the films, we fabricate solar cell devices with the structure
of FTO/PEDOT:PSS/perovskite/Cq/BCP/Ag, where FTO
stands for fluorine-doped tin oxide, PEDOT:PSS for poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate, and BCP for
bathocuproine (Figure 4a). The designated active area of the
cells is 0.0982 cm?. To precisely determine the best loading
concentration, we fabricate the solar cells with the films
deposited with the addition of 0.5, 1.0, 1.5 and 2.0 mol% of
CysHCl in the same batch (Figure S12). The statistical analysis
of the cell performance parameters reveals peak efficiencies
at 1.0 mol% cells, with the contribution primarily coming
from the improved Voc and FF, consistent with the PLQE
and QFLS results. This could be a result of the improved
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crystal quality and film morphology, as well as interface
carrier dynamics.’l We note that the 1 mol% optimal loading
amount for CysHCI is lower than that of the 2 mol% for
GIyHCl we discovered previously,”! consistent with the
trend of the SAXS results. We also fabricate a batch of cells
to compare the effectiveness of CysHCI to GlyHCI in their
1 mol% concentration. As a result, the CysHCI cells deliver
the best efficiency of 23.3% (reverse scan, Jsc: 33.0 mA cm 2,
Voc: 0.87 V, FF: 0.82), slightly higher than that of GlyHCl cells
at 22.6%, but both are substantially higher than the control at
20.6% (Figure 4b). The small difference between CysHCI and
GIlyHCI cells is mainly attributed to the variations in V¢ and
FF (Figure S13). An improvement is observed in all device
parameters for cells fabricated with additives compared to
the control. A steady-state power output measurement at a
fixed bias of 0.74 V for 5 min gives the efficiency of 23.1%
for the CysHCI cell, higher than that of the control at 20.1%
measured under 0.68 V bias for the same period (Figure 4c).
We measure the external quantum efficiency (EQE) of the
control and CysHCI cells, with the spectra presented in
Figure 4d. The calculated —dEQE/dX (A = wavelength) values
suggest a PV bandgap of 1.26 eV for both cells. Integrating
the spectra with the standard AM1.5G spectrum generates
current density values of 31.5 and 32.6 mA cm~2 for control
and CysHCI cells, respectively. To evaluate the stability of
devices, we track the evolution of the maximum power point
of unencapsulated cells under simulated AM1.5G illumina-
tion in an N,-filled glovebox (ISOS-L-1[97]) (Figure 4e). The
CysHCI cell shows a Ty (the time for the device to age to 80%
of its initial PCE) value of about 285 h, more than five times
longer than that of the control with a Tgy of about 55 h. In
addition, we also examine the operational stability of the cells
under an elevated temperature, at 65 °C, following the ISOS-
L-2 protocol.[®”] We find that the CysHCl cells exhibit a T80
value of 180 h, considerably longer than the 45 h observed
with the control cells (Figure 4f). The improved thermal
stability can be attributed to the enhanced structural and
interfacial stability of the perovskite materials and devices,
likely resulting from the strong interaction provided by
CysHCI for effective passivation, as well as the reduced
residual DMSO (known as an oxidant of Sn** under acidic
conditions and elevated temperaturel®®®!) in the modified
films. These results thus suggest that the multifunctional
additive designed here could concurrently improve solar cell
efficiency and operational lifetime, with a reasonably low
consumption of the additive materials.

Conclusions

In summary, we have identified the different fundamental
chemical characteristics of Sn** and Pb** cations from the
perspective of HSAB principle and the series of implications
in mixed-metal Sn-Pb perovskite precursor solutions. The
differences in hard and soft acidity between the two metals
offer the possibility to introduce nucleophilic species of vary-
ing hard-soft basicity for establishing desirable interactions
with each of the metals. Thus, we propose to enhance the
simultaneous access of the harder Sn** with the hard base
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AM1.5 G in an Nj-filled glovebox at €) 25 °C (with initial efficiencies of 20.2% and 23.3%, respectively) and f) 65 °C (with initial efficiencies of 20.4%

and 22.9%, respectively).

carboxyl and the softer Pb?* with the soft base thiol. To study
this system, we used CysHCI to prove the preference of each
of the groups towards the metals and their mechanistic impli-
cations in this mixed metal system. In particular, the increased
control over both metal species by functional groups from the
same molecule shows the ability to manipulate the colloidal
properties of perovskite precursors in solution and thus
contribute to the following crystallisation process. In addition,
the thiol group attached to the amino acid moiety reinforces
the passivation effect of the ammonium group, leading to
further improved optoelectronic properties of the films, giving
the best QFLS values of up to 0.95 eV, which is 96% of the
radiative limit of a 1.26 eV bandgap material. As a result, the
mixed-metal Sn—Pb PSCs showed the best efficiency values
of up to 23.3% and improved operational stability, with a
Tgo of over 280 and 180 h at 25 and 65 °C, respectively.
Furthermore, these results point out the critical role played
by the inorganic component in the controlled crystallisation of
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mixed Sn—Pb perovskite thin films, suggesting the presence of
inorganic-based “intermediates” during the process. Overall,
this study provides straightforward chemical guidelines to
desirably control the environment of metal-centred species in
halide perovskite materials, contributing to a well-controlled
solution processing of thin films for optoelectronic devices.
We also anticipate more new experimental findings that
are guided by or aligned with clear fundamental principles,
which should accelerate the construction of datasets and
data augmentation to advance artificial intelligence-assisted,
data-driven research in the scientific domain shortly.
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