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Mixed-halide lead perovskites are becoming of paramount interest in the optoelectronic and
photovoltaic research fields, offering bandgap tunability, improved efficiency and enhanced
stability compared to their single halide counterparts. Formamidinium-based mixed halide
perovskites (FA-MHPs) are critical to obtaining optimum solar cell performance. Here, we report
a solvent-free mechanochemical synthesis (MCS) method to prepare FA-MHPs, starting with
their parent compounds (FAPbX;; X = Cl, Br, I), achieving compositions not previously
accessible through the solvent synthesis (SS) technique. By probing local Pb environments in
MCS FA-MHPs using solid-state nuclear magnetic resonance spectroscopy, along with powder
X-ray diffraction for long-range crystallinity and reflectance measurements to determine the
optical bandgap, we show that MCS FA-MHPs form atomic-level solid-solutions between Cl/Br
and Br/Il MHPs. Our results pave the way for advanced methods in atomic-level structural
understanding while offering a one-pot synthetic approach to prepare MHPs with superior

control of stoichiometry.
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Organic-inorganic halide perovskites have emerged as promising and captivating
candidates for next-generation low-cost and high-efficiency solar cells due to their excellent
optoelectronic properties! and solution processability.> With photo-conversion a efficiency (PCE)
now surpassing 22%,** compared to a PCE of 3.9% when initially introduced in 2009, metal
halide perovskites now compare favorably in the efficiency metric with well-established
technologies such as polycrystalline silicon, copper-indium-gallium-selenide, and cadmium-

telluride solar cells.

Although the investigation of metal halide perovskites as candidates for the active layer in
solar cells started with methylammonium lead iodide (MAPbI;)°, investigators have recently
found that replacing the methylammonium (MA) cation with the formamidinium (FA) cation, or
having a mixture of the two, yields higher efficiency and more stable perovskite solar cells.5’
FA-based perovskites have shown superior optoelectronic properties such as extended carrier
diffusion lengths and lifetimes when compared to their MA-containing analogues, both in
polycrystalline and single-crystal forms.®!! On the other hand, mixed halide perovskites (MHPs)
have shown an enhanced stability and a bandgap tunability upon engineering the halide (Cl, Br,
or I) composition, which makes them ideal for stable and high-efficiency tandem solar cells, light
emitting diode (LED) applications, and lasers.”- '>1* Traditionally, perovskite materials are
synthesized using solvent synthesis (SS) routes, but recently a mechanochemical synthesis
(MCS) technique has been proposed as a solvent-free and scalable method to prepare halide
perovskite materials. This methodology shows enhanced material properties, achieving better or
similar solar cell device performance when compared to SS-prepared devices, along with great
flexibility in tuning the dimensionality (3D, 2D, or 0D) of the prepared perovskite materials.!>-°

MCS has been successfully utilized for a long time in other material systems including metal-



organic frameworks (MOFs),2"2* polymorphs in drug design,*? and composite/metal oxide

nanomaterials.?’-28

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a highly sensitive tool for
identifying atomic-level chemical structure and dynamics. With the *’Pb nucleus exhibiting a
large chemical shift range of nearly 20,000 ppm, 2’Pb NMR spectroscopy is ideal for the study
of the Pb chemical environment.*-3> Hence, the technique is applied in our investigation of MCS

FA-MHPs.

FAPb(Br,l,4);, where 0 < x < 1, has been the focus of research efforts exploring the
tunable bandgap and charge carrier dynamics for applications in tandem solar cells and LEDs .57
10.36 Tn some of these studies it was reported that when 0.3 < x < 0.5, no crystalline phase can be
achieved using traditional solvent synthesis (SS) techniques, but rather an amorphous phase is
obtained, which has been attributed to a phase transition from a trigonal (x < 0.3) to a cubic (x >
0.5) structure. Nevertheless, high-resolution neutron powder diffraction data suggests that a-
FAPDI; (x = 0) adopts the cubic (Pm-3m) perovskite unit cell at room temperature®” rather than
the trigonal structure reported for high-temperature solution-deposited a-FAPbI; films.*® % This
is in agreement with observations based on single-crystal or powder X-ray diffraction (pXRD)
analyses of a-FAPDI; prepared by the inverse temperature crystallization (ITC) technique.*
Aside from FAPb(Br,l,_,); MHPs, FAPbCl; and FAPb(CI,Br,,); MHPs have rarely been studied;

the few studies have focused on nanoparticles.*!-3

In this work, we explore the MCS route to synthesize FA-based MHPs and probe their
long- and short-range chemical structure using pXRD and 2’Pb NMR spectroscopy, respectively.

In addition, their optical properties are explored using reflectance measurements. We find that



MCS is an effective way to prepare FA-MHP solid-solutions with superior control over halide
stoichiometry, including compositions not previously accessible using traditional SS methods.
We also compare samples of the same/similar composition (by synthetic loading or final product

composition) prepared by SS and MCS.

The FAPb(CIBr,_4); and FAPb(Br,,_,); MHPs series were prepared by MCS either by hand
grinding (HG) or by ball milling (BM) (Scheme 1), starting with their respective parent
perovskites, FAPbX; (see Supporting Information). For each series, three MHPs (x = 0.25, 0.5,
0.75) were synthesized. Figures la and 1b show pXRD and *’Pb NMR results for the three
parent perovskites and two MHPs, namely, FAPb(Cl, sBr,s); and FAPb(Br,slos); (see Figures S1-
S6 for complete data set for each series, along with the reflectance measurements). The *’Pb
chemical shifts (8.,(*’Pb)) of the parent compounds shift to higher frequency as Cl is replaced by
larger and less electronegative halides Br or I, spanning nearly 2,000 ppm ([PbCls]*- to [Pbls]*)
as shown in Figures 1b and S7. This observed behavior for 8.(**’Pb) is similar to what has been
previously reported for MAPbX; and other metal halides.?*-3+4¢-47 In addition, the 2’Pb NMR line
widths increase on halide substitution from X = Cl to Br to I, with FWHM values of
approximately 4.3, 15 and 22 kHz, respectively at 7.05 T (Table 1). The Pb cations are located at
sites of octahedral symmetry ([PbX,X’s.]* units) and thus each 2°’Pb nucleus is spin-spin
coupled (both direct and indirect) to six halide nuclei with nuclear spin 7 = 3/2 (3*37CI or *®'Br)
or 5/2 (). 2°7Pb NMR measurements of MAPbX3 compounds when in their cubic phases also
yield symmetric broad peaks despite the exclusion of magnetic shielding anisotropy as a line
broadening mechanism. Thus, the line broadening in that case was ascribed by the authors*’ to
be primarily due to spin-spin coupling interactions and spin-spin relaxation. A similar effect is

thought to be at play in the closely related compounds considered here.*- 348 A Gaussian-like o.-



FAPbI; resonance which does not broaden at higher fields (Figure S8) is observed; in contrast,
an asymmetric 2’Pb NMR powder pattern that increases in breadth with field strength is
observed for the non-perovskite 8-FAPbI; (Figure S9 and S10 (pXRD)), indicating that -FAPbI;
has a sizable magnetic shielding anisotropy. Fitting the spectra acquired at 11.75 T yields
isotropic chemical shift, 8;, of 1150 ppm, a span (Q2) of 620 ppm and skew (k) of 0.65; we note
that the 0., for d-FAPDI; shifts to lower frequency compared to that for a-FAPbI; (Table 1 and

Figure S11).

Pure cubic phases are confirmed through pXRD for all MHPs prepared via MCS and a
Gaussian-like distribution of 27Pb NMR resonances is observed, consistent with distinct local
[PbXX’s«]* chemical environments. 2’Pb NMR spectra at different fields for the HG
FAPb(ClysBrj5); mixture are shown in Figure S12, revealing five resolved resonances that are
assigned to [PbBre]*, [PbCl,Brs]*/[PbCL,Br,]*-, [PbCl;Br;]*-, [PbClBr,]*/[PbClsBr,]* and
[PbCle]*; the assignment and fitting of experimental data acquired at 11.75 and 21.1 T are
consistent with a binomial-like distribution for random Cl/Br mixing, as shown in Figure S13b.
Other mixtures in the series considered here also display binomial-like distributions based on
their corresponding stoichiometric compositions, see Figure S13. To assess the homogeneity of
the halide ions about the Pb environment in these solid solutions, a series of *’Pb 2D EXSY
NMR spectra (Figure 1c) were obtained for the hand ground FAPb(Cl,sBrys); sample with
mixing times varying between 10 and 2,000 yus. Recently we showed that this method provides
atomic-level insight into the arrangement of the halide ions for a series of MA-containing
[PbXX’s«]* species. The EXSY spectra indicated fast exchange between various
[PbX, X ¢_«]* units, and thus we concluded that the MHP consisted of a solid solution rather than

either phase-separated materials or micro/nano domains, for which fast exchange would not be



observed. In a similar manner, the HG-FAPb(Cl,sBrys); sample clearly displays exchange for the
individual Pb environments (e.g., [PbCl,Brs]*, [PbCL,Brs]*-, [PbCl;Br;]*, [PbClBr,]* and
[PbClsBr;]*) with longer mixing times leading to the formation of cross peaks to neighbors and
next-nearest neighbors. Hence, as seen in the sister MA mixed Cl/Br perovskites, Cl/Br-based
FA-MHPs display homogeneously mixed solid solutions absent of phase separation when

mechanically mixed for sufficient time.

Pb-207 NMR spectra for the BM-FAPb(Bryslys); sample acquired at 11.75 or 21.1 T were
not resolved because of the line broadening attributed to 2°’Pb-7#!Br 207Pb-'?7 spin-spin
interactions, spin-spin relaxation, and local disorder imparted by the high-energy BM process.*
Higher magnetic field strengths may improve the resolution and line shape assessment (i.e.,
contribution from chemical shift anisotropy) as only slight evidence of multiple resonances begin
to emerge at 21.1 T (Figure S14).5° The resonances for the I- and Br-rich MHPs lie between
those for their respective parent perovskites and the 50/50 mixture (Figures S4 and S15),
suggesting a statistical distribution of [PbX, X, ,]*~ populations. Thus, behavior similar to that
observed for the HG Br/Cl MHP series is suggested, although in this case it was not possible to

resolve individual sites.

Tracking the lattice constants and optical bandbaps (extracted from pXRD and Tauc plots,
respectively)’! within these series of MCS-MHPs (Figures 1d & le) demonstrates a linear
evolution with halide substitution from pure FAPbCl; to a-FAPbI;, agreeing with Vegard’s
law .52:33 The NMR spectroscopy and pXRD results (Figure 1) together indicate that a MCS route

leads to homogeneous atomic-level solid-solutions of FA-MHPs.



HG-MCS of FAPbCl; and FAPbBr; samples was sufficient to synthesize single pure
phases of FAPb(ClBr,-); solid solutions, but for FAPb(Br,,_,); series, further treatment was
required. A high temperature (200 °C — 1 hr) annealing step was used to obtain the Br-rich (i.e.,
FAPDb(Br,751y25);) composition (see Figure S16 for pXRD and 2’Pb NMR data taken at various
steps of the HG process). This approach was unsuccessful for FAPb(Bryslys0); and
FAPb(Brj2s51075); and led to rapid decomposition of the materials or impure MHP products, or
both (see Figure S17). This is thought to be partially due to the decomposition of FAPbI; under
thermal annealing® before a single MHP phase is formed, since pXRD indicates that Pbl, was
formed during the annealing process to form 50/50 Br/I or I-rich FA-MHPs. To avoid possible
degradation/decomposition and to achieve single pure phases for FAPb(Brysoloso); and
FAPb(Brj»slo75); MHP solid solutions, a high-energy MCS method adopting BM was
implemented (see Figures 1a and S2). The BM method provides sufficient mechanical energy to
form these phases within 30-60 minutes, at sample temperatures of approximately +50 °C,
similar to that applied in other systems;>* a detailed discussion of possible mechanisms of crystal
formation through BM-MCS can be found elsewhere.!®: 357 The success of BM near room
temperature is mostly due to the high halide ion mobility in lead halide perovskite systems.>® It
has been shown previously that a solid-state synthesis method starting from parent compounds
can be used to prepare a stoichiometric MAPb(Bry 50l s0);, but only after a heating protocol is
applied, with partial sample decomposition observed at temperatures > 250 °C.3* The BM method
described here may provide a versatile and highly adaptable approach for other hybrid

perovskites, overcoming the need for any high-temperature treatments.'®

Figure 2 illustrates a comparison of pXRD, *’Pb NMR and reflectance data for

FAPb(Cly,sBry7s); prepared using the MCS approach with those prepared using the SS method



(see SI for experimental details). Both techniques yield nearly identical experimental results,
with SS showing a slightly blue-shifted reflection edge. This observed shift is due to more CI
content (confirmed by EDX) versus the stoichiometric HG composition. Even though the
synthetic loading for both samples is Br - 75 % and Cl - 25%, the HG compound has an atomic
% of Br/Cl of 3.06/1, while the SS compound is 2.4/1, demonstrating that fine control over
composition is possible through MCS. The *’Pb NMR spectra for both samples are similar, but
the MCS approach provides spectra with higher resolution between different Pb coordination
environments. In addition, the resonance centered at 0., ~ 100 ppm (Figure 2c) is higher in
intensity for the SS (vs MCS) sample corresponding to the higher CI concentration, as confirmed

by EDX.

Attempts to prepare a stoichiometric FAPb(Brslys); using the SS route** as described for
MAPb(Bryslys); were unsuccessful; pXRD and *’Pb NMR data suggest that a Br-rich final
product was obtained (Figure 3). Due to the distinct thermodynamic and kinetic characteristic in
forming MHPs through solvent synthesis vs. MCS, the FAPb(Brjslys); mixture was only
achieved using the latter (Figure 1), while the SS habitually led to a Br-rich phase.** In other
words, preparing FAPb(Brys0lys0); by SS led to a product similar to the MCS of FAPb(Br7s51025)s,
as shown in Figure 3. Hence, the BM-MCS approach described above was developed to prepare

these MHPs.

A systematic shift of the . occurs as the Pb environment arranges halides about its six-
coordinate center as Br replaces Cl (Figure 2 & S3) or as I replaces Br (Figure S4). Previously,
we illustrated that DFT calculations using [PbX,X’s,]* anion models can assist in
unambiguously assigning unique Pb environments.* Figure 3¢ shows the results obtained using

ADF to calculate the unique 8. of [PbBr,ls_,]* revealing a similar change as Br is replaced with



I. Accordingly the experimental and DFT results indicate up to four local Pb polyhedra are
contributing to the line shape in a binomial-like distribution (Figures S19 and S20) which include
[PbBrs]*-, [PbBrsl]*- [PbBryl,]*-cis, trans and [PbBr;l;]*-fac, mer. For completeness, a series of
'H and *C MAS NMR spectra were acquired on the parent perovskites series (see Supporting

Information, Figures S21-S23).

We have presented a MCS approach for preparing FA-MHPs with fine control over halide
compositions, including some not accessible by the traditional SS method. All MCS MHPs show
a solid-solution behavior, with both crystal lattice constants and optical bandgaps conforming to
Vegard’s law. Probing local Pb environments of the [PbXxX's_x]*~ octahedra in MHPs through
207Pp NMR spectroscopy, distinct Pb chemical structures are identified, and their estimated
populations adopt a binomial-like distribution, as expected for solid-solutions. The 2D EXSY
NMR experiment confirms that the MCS method provides a homogeneously mixed halide
perovskite solid-solution at the atomic scale for FAPb(CI,Br,4);. Comparing SS results to MCS
for samples with similar final compositions, comparable structural and physical properties are
determined; however, efficient control of stoichiometric synthesis for the MHPs studied here is
better with the MCS method. As recently reported for single halide perovskites prepared using a
MCS approach, these materials lead to an improvement in device performance when compared
to SS counterparts.'>!* Hence, we hypothesize that the excellent compositional regulation in
preparing FA-containing MHPs via MCS methods could provide superior control in
optoelectronic properties leading to improved control in fabrication approaches. This work paves
the way to further understanding the underlying complex physical property behavior by
providing atomic-level insight into these MHP solid-solutions, targeting the development of

highly efficient and stable devices. As perovskite materials continue to evolve for photovoltaic



applications careful characterization is essential. This study illustrates the importance of
combining long-range diffraction based methods as well as probing the atomic-scale using 1D

and 2D NMR spectroscopy as key components to unravel these intrinsically complex materials.
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Scheme 1. MCS preparation of FA-MHPs along with crystal structure diagram highlighting the
[PbXxX’s—x]*~ octahedral configurations and the normalized reflectance spectra for the parent FAPbX3 and
the MHPs (HG-FAPb(Clo.5Bro.5)3, and BM-FAPb(Bro.slo.5)3).

Table 1. ”Pb NMR Parameters for FAPbX3 parent compounds (non-spinning, Bo=7.05 T).

Sample des (*)"Pb/ppm) FWHM/ kHz Ti/s
FAPbCI; “454(2) 43 1.532)
FAPbBr3 510(7) 15 1.85(2)
o-FAPbI; 1495(20) 22 1.94(15)
5-FAPbL? 1150(15)° I 1.88(20)

a- B,~=11.75 T; b- Isotropic chemical shift, diso; c- span, Q = 620 (30) ppm and skew, k = 0.65 (5).
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Figure 1. Powder XRD (a) and non-spinning 2’Pb NMR spectra (b, 11.75 T) structural characterization of
parent (FAPbX3) and mixed (HG-FAPb(Clo.sBro.s)3 and BM-FAPb(Bro.slo.5)3) perovskites (simulated spectra
in grey). Two-dimensional ?°’Pb EXSY NMR spectra of HG-FAPb(Clo.sBro.s5)3 (spectra were acquired at
21.1 T under non-spinning conditions at ambient temperature) obtained using 10 (left), 50 (middle) or
2,000 us (right) mixing times (c). Unit cell and bandgap (extracted from Tauc plots) properties follow a
linear regression obeying Vegard’s law (cell constants determined from XRD) with halide substitution for

the BM-FAPb(Bri.xlx)3 series (d) and HG-FAPb(Cl1.xBrx)3 series (e).
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Figure 2. Structural characterization of FAPb(Clo.25Bro.75)s prepared by HG or SS approaches using pXRD
(a), reflectance (b) and non-spinning ?°’Pb NMR spectroscopy (c). NMR spectra were acquired at 11.75
T; the corresponding for FAPbCI3 and FAPbBYrs are included for comparison.
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Figure 3. Comparison of the characteristics for HG-FAPb(Brozslo2s)s (HG+1h anneal), BM-
FAPb(Bro.zslo.25)3 and SS attempt of FAPb(Broslos)s (by synthetic loading, see text). (a) pXRD pattern,
(b)non-spinning °’Pb NMR spectra (11.75 T) and (c) DFT model anion [PbBrxls-x]*~ calculations (R? =
0.99; y = 180.4x + 515.3).



