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Metal halide perovskites are attractive for optoelectronic applications, but the
existing solution-based synthetic methods rely on hazardous solvents and lack
reproducibility. To overcome these challenges, solvent-free mechanochemical
synthesis of perovskites can be conducted, although traditional opaque ball
milling equipment hinder real-time monitoring of the reaction progress.
Herein, mechanochemistry was performed with time-lapsed in situ (TLIS)
measurements to elucidate the optical properties during the synthesis. The
TLIS spectrometer enabled real-time observation of the impact of varying the
compositions on the absorption properties of formamidinium/methylammo-
nium lead iodide (FA,MA,.,Pbl;, x=0 to 1) and facilitated optimization of the
synthesis duration. Moreover, we can accelerate the evaluation and directly
observe the effects of different synthetic strategies for enhancing the photo-
luminescence quantum yield and stability of the perovskites, providing near-
infrared (NIR) emitting tin-based perovskites FASnl,Br5., (where z= 0 to 3) with
core-shell structures. Intriguingly, halide ion migration was deduced in lead-
free double perovskites Cs;Na,Ag;.,BiCle (y=0 to 1.0) at room temperature
during aging after mechanochemical activation. Our work provides insights
into the mechanochemistry of compounds with low thermodynamic barriers.

Since Miyasaka’s seminal report on metal halide perovskites as light  synthetic methods for perovskites®*, including the use of essentially
harvesters in dye-sensitized solar cells', perovskites have re-emerged  solvent-free mechanochemistry>®. Owing to the compositional versa-
with numerous optoelectronic and energy applications>’. Conse- tility of perovskites, an infinite number of materials can, in principle, be
quently, there is strong interest in affordable, green, and scalable readily synthesized with little to no waste, simply by stoichiometric
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mechanochemical mixing of the constituent salts’. The mechan-
ochemical synthesis of metal halide perovskites represents a revita-
lized approach in materials science (e.g., for hard materials such as
metal chalcogenides®, carbides’, or borides™) that has led to improved
environmental sustainability”, scalability’”?, and superior material
properties®, and has driven research and industrial applications in
optoelectronic materials'*. However, research on the direct kinetic or
mechanistic insights during mechanochemical synthesis remains
sparse, which can limit its future deployment.

Although mechanochemistry has been practiced in metallurgy
and mineral processing for centuries”, the modern form of mechan-
ochemistry, as exemplified by automated ball milling for solvent-free
solid-state syntheses, has been revitalized and named by the Interna-
tional Union for Pure and Applied Chemistry (IUPAC) in 2019 as one of
the ten chemical innovations that will change the world™. Nonetheless,
despite growing interest in mechanochemistry, time-lapsed in situ
(TLIS) methods to probe mechanochemical processes and provide
real-time kinetic insights remain in their infancy, owing to the tradi-
tional use of sealed, opaque steel reactor jars that are not amenable to
monitoring (Fig. 1a).

In 2013, Fris¢i¢ et al. pioneered the application of synchrotron
powder X-ray diffraction (pXRD) for the in situ kinetic study on the
mechanochemistry of metal organic frameworks aided by organic
liquids or ionic compounds using transparent poly(methyl)methacry-
late (PMMA) jars”%. The latest research has sought to enhance the
quality of the X-ray diffraction results through the use of thinner or
smaller PMMA jars, with a time resolution of 5s, and improved data
processing'. However, several major challenges remain for these
existing in situ techniques (Fig. 1b), such as the need for synchrotron
radiation to obtain suitable diffraction data, which may achieve suc-
cessful results for crystalline but not amorphous samples?. Subse-
quently, in situ Raman spectroscopy?®’, thermal measurements”-*?, and
combinations of these methods”?® were developed to monitor
representative classes of the mechanochemistry of small molecules
and materials systems? 2, Curi¢ and Juribasic et al. observed that the
fluorescence signals at certain wavelengths were strongly correlated

in situ Raman spectroscopic study of a C-H bond activation mechanism
under ball milling conditions®. FriS¢i¢ et al. later integrated Raman
spectroscopy with fluorescence emission spectroscopy, highlighting
the ability to monitor the transformations between crystalline and
amorphous phases during ball milling®*. Nonetheless, the customized
PMMA jars are easily damaged during ball milling®, cannot be reused
many times, and have interfering Raman signals that limit their general
usage”, whereas the newer sapphire jars are more robust but are sig-
nificantly costlier®. Most critically, previous in situ techniques mainly
provide characterization and kinetic information rather than a time-
resolved description of the functional attributes of the material
formed.

Here, we present TLIS mechanochemical measurements for
UV-visible reflectance and photoluminescence (PL) measurements
with millisecond time-resolution (Fig. 1c), correlated with post-
synthetic characterization techniques that provide quantitative short
range information and dynamics of the chemical environment”*. The
experiments are conducted in glass or quartz jars that can be repeat-
edly used and are more affordable than sapphire. Furthermore, the
reflectance and PL data facilitates not only TLIS kinetic information
about the sample composition, but we are also able to ascertain their
functional optical properties concurrently. We illustrate the cap-
abilities of our TLIS spectrometer in three representative technological
applications for three classes of perovskites. (i) We demonstrate how
this technique was used to obtain in situ data to optimize the synthetic
duration and light harvesting by formamidinium (FA)/methylammo-
nium (MA) lead iodide (FA,MA,_,Pbl;, x=0 to 1), where we observed
the formation and synchronous phase transition of the metastable -
FAPDI;. (i) Moreover, we showcase how we can adopt in situ mea-
surements during mechanochemistry to rapidly identify strategies to
maximize the photoluminescence quantum yield (PLQY) of near-
infrared (NIR) emitting tin-based perovskites FASnl,Brs_, (where z=0
to 3)**%, which can accelerate their translation for optoelectronic
applications. (iii) Most intriguingly, during the course of screening for
broadband luminescent perovskites with high PLQYs, we observed a
mechanochemically activated, post-synthetic ion migration after the

with the structure of intermediates or products formed during their cessation of ball milling in double perovskites such as
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monitoring of functional optical properties during mechanochemistry via
UV-visible diffuse reflectance and photoluminescence spectroscopy.
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Fig. 2 | TLIS UV-visible absorption spectra under a N, atmosphere and the
corresponding pXRD data of FA\MA,_Pbl; after ball milling for 90 min and
then stored for 20 h, except for FAPbI;, which was collected at 48 min and

tested immediately. TLIS spectra forax=1,bx=0.8, and c x=0, and the
respective pXRD results for d x=1, ex=0.8, and fx=0.

Cs,Nag 9Ago1BiCls, which is distinct from traditional slow chemical
transformations that is typically accompanied by changes in the crystal
structure***°, giving us insights into solid-state ion migration phe-
nomena in the absence of light and electric fields.

Results and discussion

Time-lapsed in situ optimization and kinetic analysis during the
mechanochemical synthesis of light harvesting lead halide
perovskites

FAPbDI; is one of the most extensively studied organic-inorganic hybrid
perovskite systems because of its market potential in photovoltaics.
However, the photovoltaically active black «-FAPbl; can sponta-
neously transition to an inactive yellow &-FAPbl; at room
temperature®, which imposes limitations on applying FAPbI; in pho-
tovoltaics. Strategies to enhance the structural stability of a-FAPbI;
include introducing MA cations at the A-site, which strengthens Cou-
lombic attractions and enhances the interactions between FA and I,
eventually leading to improved stability of FA,MA;_,Pbl; compared to
a-FAPbl;****, Nonetheless, traditional synthetic methods fall short in
enabling TLIS observation of the functional properties within materi-
als, which can provide valuable insights into the structural dynamics
under different synthetic strategies. Accordingly, we customized a
spectrometer for TLIS UV-visible reflectance and PL spectroscopy
during mechanochemistry. The spectrometer setup consists of an
illumination arm that provides the light source to a sample loaded in a
quartz jar, and a spectrometer arm that receives the return signal
reflected or emitted from the sample (Fig. 1c). The light focused on and
either reflected or emitted from the sample are collimated, and then

collected and directed to the spectrometer. The optical signals during
ball milling can be collected separately in both diffuse reflectance and
PL measurement modes, which allows us to obtain the sample’s
absorption and PL spectra, respectively. This spectrometer offers TLIS
optical measurements with millisecond time resolution, allowing us to
probe the dynamic processes that occur during mechanochemistry.

We mechanosynthesized FA,MA,_,Pbl; (x=0, 0.2, 0.4, 0.6, 0.8,
1.0) and observed each sample for 90-120 min using our TLIS spec-
trometer. The precursors showed an absorption edge of ~-540 nm at
the beginning, which red-shifted over tens of minutes and is consistent
with the formation of the perovskite phases (Fig. 2a-c). For FAPbIs, the
yellow Pbl, turned orange and eventually brown (Supplementary
Movie 1), with the absorption edge red-shifting to reach a maximum of
825 nm after 48 min, consistent with the formation of the black cubic
phase o-FAPbI; (Fig. 2a). However, at around 53 min, the absorption
intensity gradually decreased and the sample’s band edge blue-shifted,
indicating a phase transition from the black a-FAPbI; to the yellow
trigonal phase 6-FAPbI;. To further investigate the origins of these
spectral changes, we performed pXRD characterization on a sample
that had undergone ball milling for 48 min only and another that had
been ball milled for 90 min and then stored for 20 h under N, (Sup-
plementary Fig. 1). Clearly, the sample contained a mixture of a-FAPbI;,
6-FAPDbI3;, and Pbl, after 48 min of ball milling, but only the more
thermodynamically stable &-FAPbI; remained after 20 h.

To probe the effects of introducing MA cations at the A-site, we
collected TLIS spectra during the mechanochemistry of FA,MA,_,Pbl;
with decreasing values of x from 0.8 to O (Fig. 2b, c and Supplementary
Fig. 2). Unlike FAPbI; that showed continuously evolving absorption
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spectra during the 90-min ball milling, the TLIS spectrum of each
remaining sample reached a steady-state after different durations,
remaining constant thereafter, suggesting that these latter samples did
not undergo additional reactions during the mechanochemistry. For
example, the absorption intensity and band edge of FAysMAq,Pbl;
reached their maxima at approximately 59 min and remained stable
(Fig. 2b), with the corresponding times at 73 min for FAq ¢MAg 4Pbl;
(Supplementary Fig. 2a), 60 min for FAg4MAq ¢Pbls (Supplementary
Fig. 2b), 78 min for FAg ;MA, gPbls (Supplementary Fig. 2c), and 80 min
for MAPbI; (Fig. 2c).

Upon introducing MA into FAPbI;, the diffraction peaks of a-
FApsMAg,Pbl; at 13.9° and 28.1° were clearly observed (Fig. 2e),
alongside a reduction in most 6-FAPbI; diffraction peaks. Notably, the
Pbl, peak at 12.6° observed in FAPbI; (Fig. 2d) was absent, indicating
that MA facilitated the cubic phase crystal formation. A comparative
pXRD analysis of the samples (x=1, 0.8, 0.6, 0.4, 0.2 and 0) confirmed
the cubic and tetragonal phases present and revealed that increasing
amounts of MA led to shifts of the (001) facet’s diffraction peaks to
higher angles due to the smaller ionic radius of MA (Supplementary
Fig. 3)*. With the TLIS data, we are able to conduct a kinetic analysis
(Supplementary Figs. 4 and 5), similar to a previous study on the in situ
mechanochemistry of metal-organic frameworks. Overall, our obser-
vations concur with prior reports that MA can substitute for FA within
the A-sites in FA\MA;_,Pbl; synthesized by two-step sequential solu-
tion deposition and lead to lattice contraction without lattice distor-
tion; moreover, approximately 20% MA stabilizes a-FAPbl; and
suppresses the transition to the undesired §-FAPbl;*,

Mechanochemically activated, post-synthetic solid-state ion
migration in lead-free double perovskites

Another functionality of the TLIS spectrometer is the ability to mea-
sure PL intensities during mechanochemistry. Thus, we conducted
TLIS PL measurements during the mechanochemistry of the broad-
band emissive, lead-free, solid solution Cs,Na,Ag;-,BiCls (y=0 to 1.0)
double perovskites, with supporting post-synthesis pXRD (Supple-
mentary Fig. 6), *Cs and *Na magic angle spinning (MAS) nuclear
magnetic resonance (NMR) data, and PLQY being acquired. The pXRD
data is indicative of the longer-range periodicity but insensitive to
short range structural alteration and disorder, while the corresponding
MAS NMR data will exhibit sensitivity to short range structural beha-
vior and ion dynamics. As shown in Supplementary Fig. 6a, the pXRD
patterns of the as-synthesized Cs,Na,Ag;,BiCls remained similar upon
alloying, matching the Fm3m space group of Cs,NaBiCls,
Cs,AgIngBi;_,Clg (@ =0-1), and Cs,NapAg;_InClg (b= 0.2-1)***". Owing
to the shorter bond length of Ag-Cl (2.708 A) compared to Na-Cl
(2.736 A), increasing B-site substitution by Ag is expected to induce a
lattice contraction identified by a shift of the (220) facet peaks toward
higher 20 (Supplementary Fig. 6b)***,

The corresponding MAS NMR data for this system indicate that
the B-site substitutions are accompanied by largely monotonically
changing *Cs (Fig. 3a) and **Na (Fig. 3b) isotropic chemical shifts. The
133Cs MAS NMR data (Supplementary Fig. 7) shows that each compo-
sition exhibits a single narrow **Cs resonance assigned to A-site
positions that becomes more deshielded (from 6 - 67 to 71 ppm) upon
increasing Ag substitution (see Fig. 3a). In contrast, the 2>Na speciation
exhibits greater complexity (Supplementary Fig. 7) with broad (2.5
ppm, full width at half maximum FWHM ~700 Hz) and narrow (7.3
ppm, FWHM - 140 Hz) resonances readily observed. Although the Na
chemical shifts and linewidths of the 7.3 ppm resonance are largely
invariant to Ag substitution (Fig. 3b), quantitative estimates of their
intensities relative to the broad Cs,Na,Ag;,BiCls peak at 2.5 ppm
demonstrate that this species grows with Ag substitution up to -0.6
equivalents (y=0.4, Fig. 3c), after which it noticeably disappears.
However, taking into account the different amounts of Ag doping on
the Na site across the series, Fig. 3d shows that the intensity of this

resonance relative to the whole composition of the sample remains
largely unchanged until the y = 0.2 composition, where a marked drop
off is evident. We assign this species to [NaCly]*” domains that display
short-range order, but of insufficient size and long-range order to be
detected by pXRD, which may have arisen from incomplete reaction
during ball milling that created inhomogeneous nanoparticles with
pseudo core-shell structures. As shown in Supplementary Fig. 8, we
performed transmission electron microscopy (TEM) and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF‘STEM) on CSzNao.gAgo.lBiCl(, and CSzNao‘lAgO.gBiCl(, as
representative examples. The results clearly revealed the distribution
of Na and Ag elements within single particles. When y=0.9 (Supple-
mentary Fig. 8c), the Na signal near the center was stronger compared
to Ag, indicating that [NaCl]> formed the core in the pseudo
core-shell structure. Similarly, when y=0.1 (Supplementary Fig. 8d),
the results were the opposite: [AgCls]> formed the core of the
structure.

The characteristic narrow »Na linewidth indicates that they are
unaffected by a loss of translational symmetry and ionic mobility,
which would be more prevalent near nanoparticle surface and sub-
surface layers®**°, and is supported by the XPS data (vide infra). In
contrast, the broader 2.5 ppm *Na resonance is consistent with greater
disorder and chemical shift dispersion, presumably associated with CI
volatility, defect formation, and migration. This resonance represents
Na speciation within the double perovskite since a shift to higher
shielding (from 3.3 to 1.7 ppm) is observed upon increasing Ag sub-
stitution (Fig. 3b). Indeed, the analysis of the 2.5 and 7.3 ppm shifts with
varying external magnetic field strengths (Bo) shows that the center-of-
gravity chemical shifts (6g) of these Gaussian resonances are invariant
to By (Fig. 3e and Supplementary Fig. 9), suggesting that there is no
second-order quadrupolar contribution to their linewidths. This is
consistent with the cubic point symmetry in both cases, thus con-
firming that chemical shift dispersion and disorder dominate the
resonance linewidths of both species.

The ™Cs T, values from biexponential fitting of the saturation-
recovery data (Fig. 3f) reveal that each system is described by a shorter
T relaxation time component (50 - 100s) that is predominantly
invariant with Ag/Na composition, and a longer T; component (120 -
700 ) that is dependent on the extent of Ag substitution (Supple-
mentary Fig. 10). The ZNa T; data (Fig. 3g and Supplementary Fig. 11)
exhibits a similar trend in a less pronounced fashion and without the
multicomponent behavior. Notably, the compositional dependence of
the PLQY data (Fig. 3h) correlates with the slow component of the **Cs
T: (Fig. 3f), indicating that the PLQY is associated with surface passi-
vation, as explained in detail in the Supplementary Information.

In addition to the above study that focused on aged (2-3 weeks)
samples stored under an inert atmosphere prior to post-synthesis
characterization, we performed in-depth measurements on
Cs,Nag 0Ago 1BiClg, which exhibited the optimum PLQY characteristics.
We prepared Cs,NagoAgo;BiClg by 6 h of ball milling and observed
negligible PL intensity by TLIS (sample #1, Fig. 4a). After it was ball
milled for a further 3 h and stored under N, for 18 h (27 h total), neg-
ligible PL intensity was detected still (Fig. 4a). Intriguingly, after sto-
rage for a further 45h under N, (72 h total) without ball milling, we
observed an intense signal at 680 nm by TLIS PL measurements,
marking a dramatic 106-fold increment in the PL intensity after this
post-mechanochemical aging process (sample #2, Fig. 4a). The PLQY
values of samples #1 and #2 under 355 nm excitation light were 0.74%
and 17.3%, respectively.

Ex situ pXRD analyses of samples #1 and #2 show that the peri-
odicity of these systems over 20-40 unit cell length scales are osten-
sibly indistinguishable and remain unaltered from the original Fm3m
space group (Fig. 4b). These observations are supported by the high-
resolution transmission electron microscopy (HRTEM) data (Fig. 4c, d)
that exhibit observable lattice fringes for the (220) facet of the cubic
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magnetic field of 9.4 T and extracted by simulation of the build-ups (Supplemen-
tary Fig. 11). Data points that branch represent 2Na T, values that became two-
component. h Experimental PLQYs of Cs,Na,Ag;-,BiCls measured after storage
under N, for 14 days. The error bars for isotropic chemical shifts and integrated
intensities in parts a-g were determined based on typical uncertainties associated
with NMR lineshapes of similar linewidths and signal-to-noise ratios. The error
estimates for T; values incorporate the propagated errors from the integrated
intensities of slices within the 7; dataset, as well as the fitting uncertainties from the
exponential build-up analysis of the T; data points.
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Fig. 4 | Spectroscopic and diffraction data supporting the mechanochemically
activated postsynthetic ion migration in Cs;Nag 9Ag 1BiCls. a TLIS PL spectra,
b pXRD data, HRTEM images of ¢ sample #1 and d sample #2, and high-resolution
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XPS spectra of e Bi 4f, f Ag 3d, g Cl 2p, and h Na 1s binding energy regions. Sample #1
is Cs,Nag 9Ag 1BiClg after 6 h of ball milling, while sample #2 is the same
Cs,;Nap.0Ago 1BiClg after a total of 9 h of ball milling and 63 h of storage under N,.

phase in both samples. The Rietveld refinement results (Supplemen-
tary Fig. 12) suggested the formation of Cs,Nag 9Ago 1BiClg that crys-
tallized in a cubic Fm3m space group. The Rietveld refined position
coordinates and lattice parameters are shown in Supplementary
Table 1. The fitting results indicated that the crystallite sizes increased
from 112 nm (#1) to 402 nm (#2). This phenomenon was also verified by
the HRTEM, which showed that sample #1 exhibited particle agglom-
eration, whereas sample #2 showed larger particles (Supplementary
Fig. 13a, b), confirming growth of the nanocrystalline domains post-

mechanosynthesis. After statistically evaluating the sizes of 100 par-
ticles from each sample, we determined that sample #2 has an average
particle size of 185 nm, which is substantially larger than the average
particle size of 17.1 nm found in sample #1 (Supplementary Fig. 13c, d).

Furthermore, we determined the valence states and elemental
distribution of samples #1 and #2 using X-ray photoelectron spectro-
scopy (XPS). Supplementary Fig. 14a shows the XPS survey spectra of
both samples, confirming the presence of Cs, Na, Ag, Bi, and Cl signals
from the Cs,;NagoAgo1BiCls sample. The Cs 3ds;, and 3ds/, binding
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energies are located at 728.2 and 742.1 eV, respectively, for sample #1,
whereas they decrease to 726.9 and 740.9 eV, respectively, for sample
#2 (Supplementary Fig. 14b). Conversely, the binding energies of the Bi
(Fig. 4e) and Ag (Fig. 4f) signals increased slightly, suggesting that the
metal-Cl bonds in the [BiClg]* and [AgCl¢]>" double perovskite sub-
lattices strengthened after storage. Likewise, the Cl 2p;,, and 2p;,
binding energies at 201.0 and 202.5 eV in sample #1, respectively, are
typically associated with Cl ions near surfaces, whereas the corre-
sponding binding energies at 201.5eV and 203.0eV in sample #2
(Fig. 4g) can be attributed to bulk Cl ions*, which is consistent with
greater ordering of the Cl chemical environment. The most notable
changes in the XPS data relate to an increase of 1.1eV in the Na 1s
binding energy from 1074.3 eV in sample #1 to 1075.4 eV in sample #2
(Fig. 4h), which is strongly indicative of a more electron-deficient
environment surrounding each Na position after 72 h of ball milling
and aging. This can only be achieved if Cl vacancies around each Na
position have become quenched and populated through ion migra-
tion, thus reducing the bulk disorder.

We corroborated this hypothesis by ?Na and *Cs MAS NMR
spectroscopy (Fig. 5a). The *Na spectrum highlights a prominent
resonance at 7.3 ppm in sample #1, which is assigned to [NaClg]*
nanoclusters in the bulk (see above) and is present through incomplete
formation of the double perovskite framework. The small sizes and
dispersed locations of these nanoclusters render them undetectable
by pXRD and XPS. However, additional ball milling and aging up to a
total duration of 72h eliminated this species and induced a more
ordered framework in conjunction with larger particle domains and
optoelectronic performance, consistent with the TLIS and HRTEM
data. This contrasts with the corresponding **Cs MAS NMR data,
which suggests that both the surface and bulk Cs speciation (i.e., the
[AgCle]* sublattice) remains essentially unperturbed throughout the
additional mechanochemistry and aging periods. In particular, the
two-component **Cs T; data (insets, Fig. 5a) that characterize both the
particle core and surface environments appear largely preserved, with
the longer T; components evidencing the retention of more covalent
Ag passivation of the surface regions.

First-principles density functional theory (DFT) calculations were
undertaken on the Cs,Nag 9Agg 1BiClg system to understand the origins
of the solid-state ion migration after mechanochemical activation. We
modeled the B' and X site vacancies of Cs;Nag oAg 1BiCl by removing
one Na atom from a B' site or one Cl atom from a X site, respectively,
using a 2 x 1 x 1 supercell. The climbing-image nudged elastic band
(NEB) method was used to estimate the activation barriers for the
migration of the Na or Ag cations at the nearest B'sites to the created B'
site vacancy through paths 1 and 2, respectively (Fig. 5b), and for the
migration of Cl ions from either a neighboring Na-Cl or Ag-Cl unit to
the created X site vacancy through paths 3 and 4, respectively
(Fig. 5¢)°°°%, The calculated energy barriers for the B' cation migrations
are significantly higher at 29.7 kcal mol™ for Na ions through path 1 and
24.7 kcal mol™ for Ag ions through path 2, respectively (Fig. 5d). The
energy barriers for the Cl ion migration to fill the X site vacancy are
substantially lower compared to B' ion migration, suggesting that CI
ions are likely the predominant migrating species. Notably, the Cl ion
migration pathways differ in their energy barriers when originating
from the Na-Cl or the Ag-Cl octahedra. The energy barrier of path 4
(IL.1kcalmol™) is 3.3kcalmol™ lower than that of path 3
(14.4 kcal mol™, Fig. 5e). This suggests that the filling of the X-site
vacancies in the Na-Cl octahedron is more favorable when the
migrating Cl ion is in closer proximity to Ag instead of Na. This is
consistent with our findings from the XPS studies that the Na-Cl
interactions in the [NaClg]* octahedra of the perovskite structure
strengthened after storage and ion migration. Thus, we propose that
the increased nanocrystal domain sizes after mechanochemical acti-
vation arose predominantly from vacancy-assisted Cl ion migration at
the X sites.

To further probe the influence of the Ag dopants on the Cl ion
migration, similar DFT calculations were performed on Cs,NaBiClg.
The calculated energy barrier for the equivalent vacancy-assisted
Cl ion migration in Cs,NaBiClg is 11.0 kcal mol™ (Supplementary
Fig. 15a, b), which is very similar to that of path 4 for Cs,Nag 9Ag 1BiCls.
This suggests that the 10% Ag ion doping is not the main origin of the Cl
ion migration. To experimentally verify that the mechanochemically
activated ion migration is not limited to Cs,NagoAgBio1Cls, We con-
ducted TLIS spectroscopy on Cs,Nag.95Ag0.05BiClg and observed a
dramatic 75 times increase in PL intensity at ~680 nm, albeit requiring a
longer total duration of 195 h likely because of its intrinsically lower
maximum PLQY (Supplementary Fig. 16).

In situ optimization of NIR-emissive tin perovskites with
core-shell structures

NIR-emissive materials have been attractive for biomedical optoelec-
tronic applications in the therapeutic window from 650-1350 nm,
which is the wavelength range of highest penetration depth in tissues.
Consequently, we used our TLIS PL spectrometer to discover and
maximize the PLQY of lead-free formamidinium tin iodide (FASnI;)
derivatives, which is known to have a direct bandgap of 1.41eV®.
Moreover, we can tune the bandgap and reduce the likelihood of tin
vacancy defects in FASnl; by introducing Br®. Accordingly, we
mechanosynthesized FASnI,Brs., (where 2=3.0,2.7,2.6,2.5,2.4,2.0, 0)
with concurrent TLIS PL spectroscopy.

For FASnl;, we observed a weak PL signal at 870 nm that
reached a maximum after 12 min, but the PL intensities gradually
decayed slightly after prolonged ball milling (Fig. 6a). With
increasing Br content, the PL peak position of FASnI,Brs., gradually
blue-shifted. (Supplementary Fig. 18). During our screening of the
Br loadings for the highest PL intensities, we observed the highest
intensity for FASnl, sBrgs that was five times as high as that of
FASnI;, which was reached after 7 min of milling, with the PL peak at
827 nm (Fig. 6b). Although the Br substantially increased the NIR PL
intensities, FASnl, sBro s also appeared to be unstable and the PL
signals decayed owing to the instability of Sn"®°. Further increase in
the Br contents led to weaker and no NIR PL for FASnl,Br and
FASnBr;, respectively (Supplementary Fig. 18d, e). The pXRD data
across the entire compositional range retained the cubic Pm3m
phase at both extremes, with a shift to higher angles from z=3.0 to
0, in agreement with the decrease in lattice spacings because of the
smaller Br ionic radius relative to I (Fig. 6c).

To further investigate the origin of the enhanced PL intensity of
FASnl, sBro s compared to FASnl;, we employed DFT calculations to
study the influence of the halide (Br/I) compositions on the electronic
structures of the FASnl,Br;_, (details in the Supplementary Informa-
tion). The DFT-computed band structure and partial densities of state
of FASnI,Br;_, for z=3.0 (FASnl3) and 2.5 (FASnl, sBrg 5) (Fig. 6d, e) and
those of z=2.0 and O (Supplementary Fig. 19) suggest that the addi-
tional electronic states (brown, Br) near the valence band edge
increases the transition probability from the valence band maximum
to the conduction band minimum and thus enhance the PL intensity,
which could account for the enhanced PL of FASnl, sBrg s compared to
FASH[3.

To improve the PLQYs and overcome the decay of the NIR-
emissive FASnl, sBrq 5, we decided to explore the in situ formation of
core-shell structures, which has been established to reduce non-
radiative recombination, fine-tune electronic properties, and enhance
PL efficiency and stability®®’. Accordingly, we mechanosynthesized
FASnI, sBrg s by 15 min of ball milling with TLIS PL monitoring, trans-
ferred the jar into a N, glove box, added different equivalents (relative
to FASnl,sBrgs) of 1:1 FACI and SnCl,, and then continued the ball
milling with TLIS monitoring. With 80 mol% of FACI/SnCl, added, the
NIR PL intensities increased 1.77 times over 90 min of ball milling
(Fig. 7a), exceeding other proportions of added FACI/SnCl, (40 mol%:
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Fig. 5| MAS NMR data and DFT calculated energy profile of the mechan-
ochemically activated post-synthetic migration of Na, Ag or Cl ions in
Cs;Nag 9Ago 1BiCls. (a) **Cs (left) and »Na (right) single pulse MAS NMR data of
Cs,Nag 9Ago 1BiCls measured directly after ball milling; *Cs T; build-up curves fit-
ted biexponentially are shown in the inset. The associated NMR parameters are
presented in Supplementary Table 2. (b) Structure of Cs;Nag 9Ago 1BiCl with the Na
and Ag ion migration pathways indicated by paths 1 and 2 in red and gray arrows,
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respectively. The B' vacancy site is outlined by the octahedron with dashed orange
lines. (c) Structure of Cs;Nag oAgo 1BiCle with the Cl ion migration pathways from
the Na-Cl and Ag-Cl bonds to the X-site vacancy in the Na-Cl octahedron indicated
by paths 3 and 4 in red and gray arrows, respectively. The Cl vacancy site is outlined
by orange circles. (d) Energy profiles of the Na (red) and Ag (black) ion migration
path 1 and 2, respectively. (e) Energy profiles of the Cl migration paths 3 and 4.

1.05 times; 60 mol%: 1.19 times; 100%: 1.32 times, Supplementary
Fig. 20). The pXRD data (Fig. 7b) confirmed the formation of FASnCl;
as an independent phase mixed with FASnl, sBro s. From the scanning
transmission electron microscopy (STEM) coupled with energy dis-
persive X-ray spectroscopy (EDS) measurements (Supplementary
Fig. 21), Sn is uniformly distributed across the entire micron-sized
particle, suggesting that the PL enhancement did not arise because of a
passivating shell containing only FACI. Interestingly, the core region
predominantly contained I, while Cl was sparsely distributed across the
particle. An overlay of the  and CI EDS data confirmed that Cl was more
prominent at the boundaries of the particle (Fig. 7c), which validated
our approach in enhancing and stabilizing the NIR PL properties by
mechanochemistry of FASnI, sBro s@FASNCI; core-shell systems. The

XPS data for FASnl, sBro s@FASnCl; verified the presence of Sn** and Cl
on the surface (Fig. 7d, e).

Through TLIS measurements in conjunction with mechan-
ochemistry, we were able to observe the solid-state synthesis progress
and evolution of the functional optical properties of metal halide
perovskites. The TLIS spectral data from increasing amounts of MA*
while mechanosynthesizing a-FAPbI; indicated the synchronous for-
mation and decay of the metastable a-FAPbI; phase and the stabilizing
effects of the MA" cations. We employed TLIS in the PL mode to
acquire insights about the mechanochemical activation of
Cs;Nag 0Ago 1BiClg and subsequent post-synthetic halide ion migration
that led to growth of the crystalline domains. We also exploited the
TLIS PL mode to mechanosynthesize a NIR-emissive FASnl,sBrgs,
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which was structurally stabilized by introducing chloride ions to form a
core-shell structure. Thus, our study underscores the potential of TLIS
optical spectroscopy combined with mechanochemistry to accelerate
the discovery and optimization of functional materials for optoelec-
tronic applications. Furthermore, the TLIS optical spectrometer
developed here can be readily extended to solution-based synthesis
protocols.

Methods

Chemicals

The following chemicals were purchased and used as received. For-
mamidine hydrochloride (FACI): Sigma-Aldrich, 97%; lead(ll) iodide
(Pbly): Sigma-Aldrich, 99%; bismuth(lll) chloride (BiCl;): Tokyo Che-
mical Industry, > 97%; cesium chloride (CsCl): Sigma-Aldrich, Reagent
Plus, 99.9%; cesium bromide (CsBr): Aldrich, 99.9% (trace metal basis);
silver chloride (AgCl): Sigma-Aldrich, 99%.

General procedure for the synthesis of alkylammonium halides
Formamidinium bromide (FABr), and formamidinium iodide (FAI):In a
typical reaction, 28 mL (0.25 mol) of 48% HX (X =Br, I) solution was
gradually added dropwise into 60 mL (0.17 mol) of methylamine or
formamidine. The solution was stirred for 16 h, after which it was
concentrated using a rotary evaporator at 65°C. Subsequently, the
residue was washed at least three times with 100 mL of diethyl ether.
Finally, a colorless powder was collected after drying under high
vacuum for 24 h and the product was characterized by nuclear mag-
netic resonance (NMR) spectroscopy.

FABr:'H NMR (400 MHz, DMSO-d¢) 6 =7.88 (s,1H), 8.08 (br s, 3 H)

ppm. (29.64 g, 95%).

FAL: 'H NMR (400 MHz, DMSO-d¢) 6=1.00 (s, 2 H), 3.20 (s, 2 H)

ppm. (40.78 g, 95%).

TLIS experiments

The precursors of each metal halide perovskite were weighed and
loaded into a12 mL quartz jar (Chuangkai Quartz Products Co., Ltd.)
at room temperature in a glovebox filled with N,. Then, a milling ball
(customized and purchased from Shanghai Ningci Industrial Co.,
Ltd.) consisting of 8 mm diameter stainless steel coated with a3 mm

thick layer of polytetrafluoroethylene (PTFE) shell (total ~-15mm
diameter) was placed in the jar. The jar was sealed and taken out
from the glovebox, after which it was placed within a Retsch
MM400 mixer mill. Subsequently, the TLIS spectrometer, devel-
oped and commercialized in collaboration with LightHaus Photo-
nics Pte Ltd., was mounted on the mixer mill as part of the cover.
Following optical calibration, the TLIS experiment was initiated
with the quartz jars oscillated at a frequency of 20 Hz for different
time durations. The TLIS spectrometer demonstrated stable
operation for at least 24 h. After the TLIS experiments, the final
products were collected in a fumehood and transferred back to the
glovebox immediately. The detailed amounts and durations of each
reaction are shown in Supplementary Table 5. In this study, we used
atotal of 16 quartz jars, each of which could be used at least 50 times
within 12 months without accidental damage.

Diffuse reflectance measurement mode. A reference measurement
is first performed before the sample measurement. The reference
measurement consists of measuring the spectrum of the light that
has been diffusely reflected from a reference jar containing a PTFE
film with a well-characterized broadband reflectance mounted
against the inner walls of the sample jar. The experiment is per-
formed with a broadband light source connected to the lllumination
Arm, which is then aimed and focused on the reference jar, after
which the measurement is recorded. After the reference measure-
ment, the lamp of the Illlumination Arm is kept on to maintain the
stability of the light source. Subsequently, the reference jar is
replaced with the sample jar, which is calibrated with the light
source by adjusting the height of the Spectrometer Arm to saturate
the signal. Once the focal plane is established, TLIS of the
mechanochemical experiments can begin. The measurement dura-
tion time is typically set for a cycle of 90 min, with updates occur-
ring every minute. Supplementary Movie 1 shows the synchronous
operation of the ball mill and the software interface in real-time
during the TLIS spectroscopy of the FAPbl; mechanochemistry. The
reflectance spectrum from 340 to 1000 nm is determined by com-
paring the ratio of the sample to the reference data using a graphical
user interface (GUI), which is then converted to an absorption
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where, F and R are the absorption and remission fraction of sample,
respectively.

Photoluminescence measurement mode. For the PL measurements,
the light source is switched from the reflection mode to a laser
(370 nm) with the other steps remaining the same as the ones for the
diffuse reflectance measurements. The integration time can be set in a
range from 1 to 1000 ms. For this study, the integration time was set at
500 ms for both double halide perovskites and Sn-based perovskites,
while it was set at 50 ms for Pb-based perovskites. The PL spectrum was
recorded in the range from 340 nm to 1000 nm. Using CsPbBr; as an
example, Supplementary Movie 2 shows the synchronous operation of
the ball mill and the software interface in real-time during a TLIS
measurement in PL mode for a 30 min mechanochemical synthesis.

Characterization

pPXRD. The pXRD studies were performed on a Bruker D8 X-ray dif-
fractometer with a Cu-K,, radiation (1=1.5406 A) source set to 40 kV
and 40 mA. A Bragg-Brentano geometry was used in the pXRD

experiments, which were conducted in the 6-260 scan mode with a scan
rate of 4° per min. The data were analyzed using the “Match!” software.

TEM. TEM samples were prepared by dispersing 2.0 mg of the per-
ovskite powder in 4 mL of toluene. The mixture was sonicated for
20 min, after which 20 pL of the suspension was drop-cast onto a
standard Cu grid coated with carbon film. The Cu grid was dried under
vacuum for 3 h. TEM, HRTEM, HAADF-STEM, and EDS mapping images
were taken with a JEM-2100F microscope with a ZrO/W(100) Schottky
electron source at an acceleration voltage of 200 kV, equipped with a
2Kx2K Gatan Ultrascan 1000XP charge-coupled device camera,
Gatan Digiscan and STEM detectors, and an EDS detector.

Solid-state MAS NMR spectroscopy. All reported *Cs solid-state
MAS NMR data were measured at external By field strengths of 11.7 and
14.1 T using Bruker Avance Ill (Larmor frequency vo(***Cs) = 65.60 MHz)
and Bruker Avance Neo (Larmor frequency uo(***Cs)=78.62 MHz)
spectrometers, respectively. Each Cs solid-state MAS NMR experi-
ment was undertaken using a Bruker 4 mm HX probe spinning at MAS
frequencies of 12 kHz. The '**Cs pulse calibration was achieved using
solid CsCl where a non-selective (“solution”) m/2 pulse length of 8 ps
was determined, corresponding to a selective (“solid”) pulse length of
8 s for the /=7/2 *Cs nucleus. Single pulse/direct excitation experi-
ments were employed for the acquisition of the *Cs MAS NMR data
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using selective /4 pulses of 1ps duration, a recycle delay of 2000 s,
and the acquisition of 16 transients per spectrum. Accompanying **Cs
T: measurements were performed using the saturation-recovery pulse
sequence that employed a saturation “train” of 300 1/2 pulses of 2 ps,
followed by variable 7 delays ranging from 0.01 to 1600s. Each Ty
build-up curve was plotted by measuring the integrated area under
each Cs resonance for each 1 delay using the Bruker Dynamics
Center package. All **Cs MAS NMR data were indirectly referenced
against the IUPAC recommended reference of 0.10 M CsNOj; in D,O
(6iso=0.0 ppm) via a secondary solid reference of CsCl (6iso =223.2
ppm)(’&(’g.

The #Na MAS NMR data were acquired at external By field
strengths of 2.3, 9.4, and 11.7 T using Bruker Avance Il HD spectro-
meters for the two lower field measurements (Larmor frequencies
vo(*Na) =26.49 and 105.50 MHz, respectively), and a Bruker Avance Il
spectrometer for the higher field measurement (Larmor frequency
Uo(*Na) =132.29 MHz). For low field 2.3 T measurements, a Bruker HFX
2.5mm probe was used, which enabled MAS frequencies of 20 kHz,
while the higher field 9.4 and 11.7 T measurements used Bruker 3.2 mm
HX probes, which enabled MAS frequencies of 20 kHz. At all fields,
non-selective (“solution”) m/2 pulse durations of 4 us were calibrated
using a 0.10 M solution of NaCl in D,0, corresponding to a selective
(“solid”) /2 pulse of 2 ps for the /=3/2 »Na nucleus. Single pulse/
direct detection Na MAS NMR data using /4 pulses of 1ps and a
recycle delay of 20 s ensured full T; relaxation of the *Na spin system
and quantitative results. In similar fashion to the **Cs MAS NMR study,
ZNa T; measurements were performed at 9.4 T using a saturation-
recovery pulse sequence consisting of a saturation train of 100 /2
pulses of 2 ps duration followed by variable 7 delays ranging from
0.001 to 100 s, while each T; build-up curve was processed by mea-
suring the integrated area using the Bruker Dynamics Center package.
All »Na MAS NMR data were directly referenced against the IUPAC
recommended reference of 0.10 M NaCl in D0 (iso = 0.0 ppm)©3°,

For both the **Cs and Na MAS NMR measurements, all samples
were loaded into rotors in a glovebox under a high-purity N, atmo-
sphere. All MAS NMR data were acquired using the Bruker Topspin
program. The processed data were simulated and plotted using a com-
bination of DMFit”°, Adobe Illustrator, and Origin software packages.

XPS. XPS were performed using a Phoibos 100 spectrometer and a
monochromatic Mg-K,, (hv =1254.6 eV) X-ray radiation source (SPECS,
Germany).

PLQY measurement. PLQY measurement of each powder sample was
recorded by an Otsuka Quantum Efficiency Measurement System
QE2000. Firstly, a reference measurement is conducted where the
excitation light is reflected off a diffuse reflectance standard (BaSOy,),
ensuring that the excitation wavelength is the same for the sample as
well. For the excitation of different types of perovskites, the selected
excitation wavelengths are 355, 370, and 450 nm for double per-
ovskites, Pb-based perovskites, and Sn-based perovskites, respec-
tively. The reference holder is then switched to the sample, where both
the reflected excitation light and the emission from the sample are
recorded from 300 to 950 nm. The PLQY is calculated by taking the
number of photons emitted by the sample divided by the number of
photons absorbed by the sample.

Rietveld refinement for the pXRD data. The Rietveld refinement fit-
ting of the experimental pXRD data was performed using the Topas
software (version 6, Bruker AXS, Germany)”".

Computational methods. The DFT calculations were performed using
the Quantum ESPRESSO package’ within the Atomic Simulation
Environment (ASE)” with the Perdew-Burke-Ernzerhof (PBE)

functional and the generalized gradient approximation (GGA)’*. The
wavefunctions were represented with plane-wave basis sets and the
core-valence interactions were described with scalar relativistic ultra-
soft pseudopotentials”. The D3 correction method was used to
account for the van der Waals interactions™. For all calculations, the
plane-wave and density cutoffs were 500 eV and 5000 eV, respectively.
The coordinates of the optimized structures have been included in the
Supplementary Data 1 file.

Several compositions of FASnI,Br;_, were modeled, each using a
1x1x1 supercell. Every geometry optimization was performed with a
quasi-Newton algorithm as implemented in ASE. The convergence
criteria for geometry optimization were chosen such that the max-
imum forces acting on each relaxed atom were less than 0.02 eV/A and
the energy change was less than 107 eV. The Brillouin zone was sam-
pled with a 6 x6x 6 and an 18 x 18 x 18 k-point mesh for geometry
optimizations and electronic structure calculations, respectively. Band
structures were calculated along the high-symmetry points using the
Brillouin zone path outlined by the AFLOW software framework””.

Cs,Ago1NagoBiClg was modeled using a 2x1x1 supercell (80
atoms in total) with a structural formula Cs;Agg 125Nag g75BiClg, which
is not far from the experimental composition. The B' site vacancy was
modeled by removing one Na atom, and the X site vacancy was mod-
eled by removing one ClI atom from the Na-Cl octahedral. Each geo-
metry optimization was performed with a quasi-Newton algorithm as
implemented in ASE and the convergence criterion was chosen such
that the maximum forces acting on each relaxed atom were less than
0.05eV/A and the energy change was less than 107 eV, respectively.
Transition states were determined using the climbing-image NEB
approach® 2, Nine images were interpolated between the initial and
final states linearly and the convergence criteria for the forces were set
to 0.05eV/A. The optimized structures were visualized using the
VESTA software®,

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
The data in Figs. 2-7 generated in this study are provided in the Source
Data file. The Supplementary Information data used in this study are
available in the NTU data repository with the identifier https://doi.org/
10.21979/N9/WOMSKL. Should any raw data files be needed in another
format, they are available from the corresponding authors upon
request. Source data are provided with this paper.
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