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A simplified mechanochemical synthesis approach for Cs-
containing mixed halide perovskite materials of lower and
higher dimensionality (0D and 3D, respectively) is presented
with stoichiometric control from their halide salts, CsX and
PbX, (X = Cl, Br, I). Excellent optical bandgap tunability
through halide substitution is supported by property
measurements and changes to the materials structure.
Complementary NMR and XRD methods, along with support
from DFT calculations, reveal highly crystalline OD and 3D
solid solutions with a complex arrangement of [PbXs.xX’x]*~
pseudooctahedra caused by halide distribution about the Pb
centre.

Lead halide perovskite (LHP) materials have demonstrated an
impressive increase in photoconversion efficiency (PCE) over
the past decade, with hybrid organic-inorganic LHP materials
exhibiting ca. 22% PCE in perovskite solar-cell (PSC)
technologies.!  Although methylammonium (MA) and
formamidinium (FA) LHPs (APbXs3, where A = MA or FA and X =
Cl-, Br-, and I) are commonly used as the active layer in PSCs,
the use of Cs-based LHPs (CsPbXs) is rapidly gaining interest
due to their robustness, including high thermal (non-volatile)
and moisture stability2-4, and attractive optoelectronic
properties8. For example, Cs-based LHPs have achieved ca.
20% PCEs® and provide easy to control bandgap tailorability
and enhanced stability through manipulation of the halide
composition (mixed-halide perovskites, MHPs) - critical
features when engineering light emitting diode materials#6-810
and a promising green technology for innovative photovoltaic
smart windows??.

Predominantly, LHPs are synthesized using either solvent-
synthesis or gas-phase deposition techniques!?-14, however
mechanochemical synthesis (MCS) has emerged as an
attractive alternative which provides a stoichiometric method
to prepare bulk micro- and nanocrystalline hybrid and non-
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hybrid LHP materials without the need for solvents, ultimately
avoiding many hazards.1>-24 Moreover, LHPs prepared via MCS
exhibit enhanced material properties and device performance
when compared to those prepared using traditional solvent-
synthesis approaches.?! This highlights the growing interest in
MCS as it is an effective synthetic approach here and in other
advanced functional materials.?>

Recently, low-dimensional LHPs such as OD LHPs have been
gaining interest due to their improved stability and enhanced
photoluminescent properties as compared to 3D LHPs.26-29 3D
and OD LHPs can be expressed using the general formula ABX;
and A4BXe, respectively (where, A = Cs*, B = Pb2?* and X = CI-, Br-
, I7). In the process of reducing the 3D structure to a OD
perovskite, structural features are impacted such that the
[PbXexX'x]4~ octahedra alter the connectivity, from corner
sharing (3D) to isolated tilted-unit OD LHPs (Scheme 1).
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Scheme 1. Preparation of 3D and OD parent and MHPs
starting with CsX and PbX; salts by the MCS approach. The
dimensionality of the final product depends on the molar
ratios of Cs*, PbZ* and X~ compositions. Photos of 3D (i.
CsPbCls, ii. CsPbClysBris, and iii. CsPbBr3) and OD (iv.
Cs4PbClg, v. CsaPbCl3Brs, and vi. CssPbBrg) parents and their
1: 1 MHP prepared by MCS.

The interconnectivity between structure and optical
properties warrants a careful analysis of the unique 3D and OD
features. We turn our attention to the 3D parent, CsPbXs, and
the MHPs (CsPbCl«Brs— and CsPbBryls—x; 0 < x < 3), all prepared
by MCS initiated from CsX and PbX; salts (see the ESIT). For the
Cl/Br CsPbCl4Brs-x MHPs, an expected phase-pure perovskite
material was easily obtained by MCS and confirmed through
powder X-ray diffraction (XRD) data (Fig. S1a). The Br/I series
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(CsPbBrylsx MHPs and CsPbls) were more challenging,
requiring an additional thermal annealing step post-MCS to
obtain phase-pure perovskite phases (Fig. S1b).3031 All three
phase-pure parent perovskites are orthorhombic (space group
Pnma or Pnam) at room temperature.32-34 Substituting
chloride, radius, r(Cl-) = 167 pm, with the larger bromide ,
r(Br-) = 182 pm, (or Br~ with I- (r(I") = 206 pm))3> causes a shift
towards lower 20 values in the XRD pattern (Fig. 1a and S1)
which is attributed to an increase in the average unit cell
parameters.2223 The halide composition in MHPs also alters
the colour of the bulk materials (Scheme 1 and Fig. S2a),
suggesting a change in bandgap. Fig. 1b also shows the UV-Vis
absorbance spectra of the three CsPbXs; parent perovskites,
along with their 1:1 MHPs, namely, CsPbCl;sBris and
CsPbBrislis. Absorbance data for each MHP, obtained using
the Kubelka-Munk transformation (see the ESIt) from the DR
measurements, are shown in Fig. S2. This data indicates that
the direct bandgaps vary linearly from 2.94 to 2.32
(CsPbCIBrs-x MHPs, Fig. S2d) and from 2.32 to 1.72 eV
(CsPbBryls_x MHPs, Fig. S2e) upon halide substitution.

The XRD and UV-Vis absorbance spectra inform about the
long-range crystallinity and bandgap properties, respectively;
to evaluate the local Pb chemical environments, another
spectroscopy method is required, namely NMR spectroscopy.
We and others have shown this method to be an extremely
sensitive analytical tool to structurally probe A- and B-site
environments within halide perovskite materials.20,22-24,36-41
The large 207Pb chemical shift range (~20,000 ppm) makes
207Ph NMR highly sensitive to the local chemical structure,
making it well suited to evaluate MHPs. Lead is coordinated to
six halides forming pseudooctahedra. Depending on halogen
arrangement a total of ten distinguishable isomers are possible
(Table S2). Fig. 1c shows the 297Pb NMR spectra of the non-
spinning CsPbXs parent perovskites and of two MHPs,
CsPbCl1.5Bris and CsPbBrislis (see Fig. S3 for MHPs). The 207Pb
NMR chemical shifts (peak maxima, 6.(297Pb)) for the CsPbXs
parent perovskites show Gaussian-like line shapes that shift to
higher frequency from &6(2°7Pb) = =728 + 1 ppm (CsPbCls) to
1265 + 20 ppm (y-CsPbls), spanning nearly 2,000 ppm (Fig. 1c
and Table S1), similar to MA- and FA-based LHPs.22.23 The 207pp
NMR CsPbX; parent
systematically upon X-site substitution from Cl to Br to | with a
full-width at half-maximum (fwhm) of ca. 5, 18 and 25 kHz,

linewidths for materials increase

respectively (Bo = 11.75 T). The broad 27Pb NMR line widths
are mainly due to the direct and indirect spin-spin coupling
between Pb and six quadrupolar nuclei (I = 3/2 for 35/37Cl or
79/81Br, and | = 5/2 for 1271) in [PbXg]4-.222337 An asymmetric
207Ph NMR line shape is observed for the non-perovskite, 6-
CsPbls, due to a sizable magnetic shielding anisotropy with an
isotropic chemical shift, 6is0(2°7Pb) = 1065 + 30 ppm, span (Q) =
650 + 30 ppm, and skew (k) = 0.7 + 0.1. As for FAPbI;,23
6¢5(297Pb) for the perovskite-phase, y-CsPbls, is shifted towards
higher frequency compared to that for 6-CsPbls (Fig. S4a). The
207Ph NMR spectra for the MHPs indicate multiple Pb sites (Fig.
1c, S3 and S5) due to distinct local [PbXsxX'x]4~ chemical
environments, a conclusion that is supported by quantum
chemical calculations (vide infra). These findings are consistent
with those for MA- and FA-based hybrid MHPs studied
previously, revealing solid-solution behaviour.22.23

Cs4PbXgs (X = CI, Br) parent OD LHPs and the Cs4PbClsBr3
MHP were also prepared by MCS starting with their respective
salts (see the ESIT); XRD (Fig. 1e) indicate these materials
adopt a trigonal space group R3c.#2 Unlike the 3D materials,
the colour of OD LHPs is independent of halide substitution,
appearing as colourless white solids (Scheme 1). For example,
3D CsPbBrs is an orange solid whereas the corresponding 0D
Cs4PbBrg is a white material. The change in colour is due to the
loss of strong orbital overlap of the [PbXexX'x]4~ cluster
connectivity in OD material and indicative of wider bandgaps.2®
The UV-vis absorption spectra (Fig. 1f) confirm that all 0D LHPs
absorb in the UV-region and show a single molecule-like
excitonic absorption band. Furthermore, the direct bandgap
for OD LHPs alters upon halide substitution increasing with Cl
content (3.75 (Cs4PbBrg), 3.85 (Cs4PbClsBr3) and 4.07 eV
(Cs4PbClg)). The UV-vis spectra for the OD materials do not
show any absorption between 2.2 and 3.5 eV (Fig. 1f);
suggesting the absence of nanocrystal-like 3D CsPbX;
impurities, further supported by 133Cs MAS NMR (vide infra).28

The 207Pb NMR chemical shifts for the 0D parent
perovskites are 6.5(2°7Pb) = -1139 + 1 ppm (Cs4PbClg) and -385
+ 5 ppm (Cs4sPbBrg), Fig. 1g. The main difference between the
3D and OD LHPs is the [PbXes«X'x]4~ connectivity as discussed
earlier (Scheme 1). The Pb chemical environments are
sensitive to this change in crystal structure shifting the
6¢5(297Pb) to lower frequency for the OD LHPs as compared to
that for the 3D materials (e.g., 6(2°7Pb) = =728 (3D) vs. -1139
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Fig. 1. Room temperature powder XRD patterns (a, e), UV-Vis normalized absorbance spectra (b, f), solid-state 207Pb NMR spectra
under non-spinning sample conditions at 11.75 T (c, g), and 133Cs NMR spectra with a magic-angle spinning (MAS) frequency of 13 kHz
at 11.75 T (d, h) of 3D CsPbXs; and 0D CssPbXs perovskites, respectively, as indicated. The dotted lines in (a) and (e) are the guide for
the eye. The asterisks (*), dagger () and delta (6) in (d) and (h) indicate spinning sidebands, an unidentified Cs-containing impurity

and 6-CsPbls, respectively.
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ppm (0D)). The 207Pb NMR spectrum of the CI/Br MHP 0D
material displays a Gaussian-like distribution of unique Pb
chemical environments that shift to higher frequency with Br
incorporation, mirroring the behaviour seen in the 3D
materials. The XRD and NMR features indicate that solid
solution-like compositions are readily formed using the
solvent-free MCS approach. The different 207Pb NMR chemical
shifts for the 3D and OD compositions indicate that these
appear to be sensitive to both local [PbXs.xX'x]4~ polyhedra and
the crystal structure. Density functional theory (DFT) was used
to calculate NMR chemical shieldings of [PbXe«X'x]4~ anionic
clusters modeled from their 3D and OD crystalline structures
and the results correlate well with experimentally determined
shifts.
shielding anisotropies, consistent with the non-cubic nature of
the Cs-based LHP space groups, which could further
complicate the 207Pb NMR line shapes.

Fig. 2 shows excellent agreement the
experimental and calculated 207Pb NMR chemical shifts for
Cl/Br mixtures for 3D perovskites. Although the OD clusters
correctly predict the linear trend, the shifts are overestimated.
A larger anionic model may be needed to capture the long-
range effects, but at significant computational cost. The overall

chemical The calculations show sizeable chemical

between

trend to higher chemical shift with Br incorporation, as well as
the different chemical shifts between the parent compounds
from the 3D vs 0D structures found experimentally with 207Pb
NMR are reflected in the calculated results (see the ESIT).

The A-site is surrounded by 12 halides in a pseudo-
cuboctahedral environment for 3D LHPs. Since 133Cs is highly
receptive (100% n.a.), 33Cs NMR can provide complementary
information to that obtained via 207Pb NMR. Fig. 1d and 1h
show 133Cs NMR spectra for the 3D and OD materials,
respectively. Fig. 1d shows the three CsPbX; parents and two
MHPs, CsPbCl15Bris and CsPbBrislis. The parent compounds
show sharp Gaussian-like resonances with &is0(133Cs) = 76.9,
110.3 and 166.9 ppm for CsPbCls, CsPbBrs and y-CsPbls,
respectively. The 8is0(133Cs) values for the MHPs are between
those for their parent compounds, with a linear relationship
with halide compositions (Fig. 1d and S6). Unlike the 207Pb
NMR spectra, the 133Cs NMR spectra for the MHPs display a
single broad Gaussian-like resonance. Although 133Cs is a
qguadrupolar nucleus (/ = 7/2), the broadening is not caused by
a sizeable quadrupole interaction, but from a distribution of
chemical shifts (consistent with a high degree of random
halide arrangement). The 133Cs nucleus is highly sensitive to
small changes in its local coordination environment (i.e., highly
polarizable) with a moderately large chemical shift range. For
example, the 133Cs NMR linewidth for CsPbCl; sBris is 2 kHz as
compared to 0.2 kHz for the CsPbBr; parent (Bo = 11.75 T).
Unlike the corresponding 207Pb NMR results, the 133Cs NMR
chemical shift for 6-CsPbl; (247.0 ppm) is greater than that for
y-CsPbls (166.9 ppm), though they have comparable 133Cs NMR
lineshapes and linewidths (Fig. S4b and Table S1). Similar
spectral features are apparent for the OD perovskites (Fig. 1h).
Most interestingly, 133Cs NMR confirms the absence of other
stable ternary cesium lead halide compounds such as 3D
CsPbX3 or 2D CsPbyXs impurities in our OD materials (Fig. S7).
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This result suggests MCS is a suitable synthetic approach to
avoid nanocrystal-like 3D CsPbXs3 impurities in OD materials.28
At room temperature the y-CsPbls perovskite phase is
unstable, rapidly converting to the more energetically
favourable non-perovskite 6-CsPbls phase under ambient
conditions, in line with previous DFT results.3* In situ kinetic
measurements are possible due to the high resolution and
sensitivity of 133Cs NMR, enabling further study into the phase
conversion mechanism from y- to 6-CsPbls using time-
dependent measurements. Probing this transformation (Fig.
S8) indicates that the process follows first-order kinetics,
whereby a half-life of 29 £ 2 minutes for the phase conversion
is determined. This explains the difficulty in handling this
material and provides a measure for comparison for future
chemical modifications that may delay this phase change.
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Fig. 2. The 207Pb NMR chemical shifts calculated with DFT
for a [PbCle«Bry]4~ anionic OD and 3D models.

Hybrid lead halide perovskites have demonstrated organic
(A-site) and halide (X-site) dynamics within semiconducting
solids that may be a vital component for effective charge
separation, lifetime and collection.22.23.37.3843 \We have shown
previously22.23 that 207Pb EXSY NMR is an effective approach to
demonstrate halide exchange within MA- and FA-MHPs and
was attempted for the OD and 3D CI/Br MHPs (CsPbCl;sBris
and Cs4PbCl3Br3). Mixing times were varied up to 50 ms; no
cross-peaks were detected on these time scales (Fig. S9).
These findings suggest that there is no significant halide
exchange for these materials. It is of interest to point out that
the tilted lattice (3D), or isolated octahedron (0D), present in
Cs-MHPs may form localized inhomogeneous domains, which
could suppress rapid halide exchange, while Cs* has the largest
charge density (field strength) when compared to MA* and
FA*, which may further complicate halide dynamics, clearly an
area requiring further study.

In summary, Cs-MHPs are readily synthesized from their
salts using a MCS approach. This facilitates solvent-free
synthesis, delivering stoichiometric bulk solid-solutions with
exceptional bandgap tunability from 1.72 to 2.94 eV (3D) and
3.75 to 4.07 eV (0D). Although the luminescence properties of
these OD LHPs requires further study, their wide bandgap may
be attractive for high energy UV-luminescence properties. The
0D and 3D LHP parent and MHPs display unique 297Pb and 133Cs
NMR signatures with a Gaussian-like distribution of [PbXe.
«X'x]4~ polyhedra due to the random halide arrangements. The
calculated results support conclusions based on experimental
207Ph NMR signatures. The EXSY data did not reveal halide
exchange, which is a unique feature to the Cs-containing LHPs.
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Tuning the kinetics of the phase conversion from y- to 6-CsPbls
may prove useful for future sensor and optoelectronic
applications.
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