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Lead Halide Perovskites Nanocrystals Synthesized in a

Green, Reusable Solvent

Davide Pratolongo, Marta Campolucci, Marco Vocciante, Lorenzo Pugliesi, Emmanuela Di
Giorgio, Chiara Lambruschini, Liberato Manna, and Federico Locardi*

The widespread development of nanomaterials calls for searching for
alternative processes that can reduce the impact, both from an environmental
and economic point of view, of the syntheses employed to prepare such
materials. Here, we report the synthesis of CsPbX; (X = Cl, Br, I) nanocrystals
using (R)- and (S)-limonene, two molecules extracted from natural sources, as
possible solvents. The nanocrystals prepared in this solvent have structural,
optical, and morphological properties that are comparable to those of their
homologs synthesized using more traditional solvents, i.e., 1-octadecene. The
relatively high volatility of limonene is then exploited for its recovery from the
waste of the reactions and its reuse for subsequent syntheses. The
replacement of 1-octadecene with limonene as the reaction solvent is carefully
evaluated by examining the consequences of the environmental impact of the
entire synthesis process through a life cycle assessment procedure (CO,
footprint analysis), aiming at verifying any gain in Global Warming Potential
reduction and identifying the most environmentally impactful steps of the

process.

1. Introduction

Colloidal nanocrystals (NCs) have been known for 30 years. They
have revolutionized the chemistry, physics, and materials science
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communities, with a strong impact on tech-
nology, as corroborated by the assignment
of the 2023 Nobel Prize in Chemistry for
the discovery and synthesis of Quantum
Dots.['l Nowadays, NCs are employed in
several technological fields such as dis-
plays, solar cells, lasers, and magnets, just
to mention a few.[23] Their synthesis usu-
ally follows a hot-injection approach, in
which the nucleation of the NCs is trig-
gered by the quick injection of a mixture
of reagents in a hot mixture of additional
reagents and of ligands dispersed in an or-
ganic solvent.l*"1%! Tri-n-octylphosphine ox-
ide (TOPO) is the traditional solvent (acting
also as a ligand) employed for the synthesis
of Cd chalcogenides NCs, whereas for ex-
ample 1-octadecene (ODE) and dioctylether
(DOE) are used in the synthesis of halide
perovskites NCs.['”] Diphenyl ether (DPE)
is often employed for the synthesis of mag-
netic NCs.'®2% In principle, a good sol-
vent for the hot injection synthesis needs
to be non-polar or only moderately polar, stable at high tempera-
tures, relatively inert under the synthesis conditions, and with a
high boiling point. For example, ODE boils at 320 °C and has a di-
electric constant (€) of 2.246 at 25 °C.?! Despite the widespread
use of solvents such as TOPO, ODE, DOE, DPE, and others, vari-
ous studies have identified critical issues that may affect the final
products. TOPO tends to decompose under prolonged heating,
leading to impurities such as alkylphosphinic acid.[???°] ODE can
polymerize during the synthesis, ending up embedding the fi-
nal NCs in a polymer matrix that is difficult to separate from the
NCs.[2627] DPE can decompose into volatile by-products!?®! that
can affect the NCs morphology by reacting with the surface of the
growing NCs. Moreover, the high boiling points of all the men-
tioned solvents used in the syntheses requires repeated washing
(precipitation of the nanocrystals and resuspension in another
solvent) to get rid of them at the end of the syntheses in order
to obtain sufficiently clean NC samples. Finally, all the solvents
mentioned above derive from petroleum and/or the synthetic in-
dustry and are discharged after each synthesis, with the conse-
quent production of large volumes of chemical waste.

The use of the so-called green solvents is established in
organic chemistry, where deep eutectic solvents (DESs)[2%3% and
ionic liquids (ILs)332] have been proposed as alternative solvents
and are now largely used in reactions as modifications of the
functional groups, organometallic catalysis, enzymes catalysis,
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Figure 1. Molecular structure of (1) (R)- and (2) (S)-limonene.

multicomponent reactions,***3-3¢] and in extraction procedures.
DESs and ILs have also been used in the NCs synthesis: Lu et al.
and Chatterjee et al. suggested a synthesis of lead halide per-
ovskites (LHP) NCs via ligand-assisted reprecipitation (LARP)
using DESs based on menthol® ¥ and thymol.*¥! Similarly,
Chen et al. employed the IL 1-methyl-3-methylimidazolium
bromide in the synthesis of CsPbBr; NCs.[*! Additional recent
studies“®! have explored the possibility of using ODE in combi-
nation with biogenic organic ligands, e.g. creatine phosphate,[*!]
or with ligands derived from natural sources, e.g. soy
lecithin.[]

In this work, we have explored the synthesis of LHP NCs us-
ing limonene (1-methyl-4-(prop-1-en-2-yl)cyclohex-1-ene) instead
of more conventional solvents. Limonene, the principal compo-
nent of the essential oil of the citrus peels, is a monoterpene
that exists in two different enantiomers, (R)- (1) and (S)- (2),
respectively (Figure 1). Generally, the essential oil from citrus
species contains a predominance of (R)-limonene whereas the
enantiomer (S)- is found in spearmint, peppermint, citronella,
and lemongrass.[“**] However, (S) -limonene has a relatively
low abundance that reaches a maximum of 5%, so it is gen-
erally synthesized from a-pinene, a molecule extracted from
pines.[** (R)-limonene on the other hand is easily obtained in
high enantiomeric excess by extraction from orange or lemon
peels, which are abundant by-products of the agri-food industry.
Today, limonene is considered a green solvent and has been sug-
gested as a greener alternative in several processes.[*7]

By employing either (R)- or (S)-limonene as a solvent, we suc-
cessfully synthesized CsPbCl;, CsPbBr; and CsPbl; NCs with
control over size, morphology, and optical properties. Their over-
all features (size homogeneity, crystallinity, optical absorption,
and emission spectra) were generally comparable to those of the
corresponding NCs prepared with ODE, while photolumines-
cence quantum yield (PLQY) values could be better (for CsPbBr;),
comparable (CsPbl;) or worse (CsPbCly). In the CsPbCl, case,
one major cause for the lower PLQY was the synthesis tempera-
ture required by the lower boiling point of limonene compared
with ODE. a remarkably valuable aspect of limonene is that we
could even vacuum-distill it from the final product as a relatively
pure solvent and reuse it for a new synthesis, thus demonstrating
its recyclability. Finally, following a life cycle assessment (LCA)
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based on CO, footprint analysis, we identified the actual gain
in terms of Global Warming Potential (GWP) and highlighted
the lower impact of the CsPbBry and CsPbl; synthesis using
limonene instead of ODE.

2. Results and Discussion

The CsPbX, (X = Cl, Br, I) NCs were synthesized according to
established syntheses, with ODE being replaced with either (R)-
or (S)-limonene (see Supporting Information and Tables S1-S4,
Supporting Information). Limonene was selected as a solvent
considering its relatively lower boiling point (~175 °C) com-
pared to that of ODE (=300 °C). Although this choice entails a
narrower synthesis temperature range, the lower boiling point
of limonene can be exploited both to recycle and quantita-
tively remove it from the NCs at the end of the synthesis (vide
infra).

2.1. CsPbCl; NCs

The CsPbCl; NCs were synthesized according to Imran et al.,[*?!
with the only exceptions being that degassing was carried out
at room temperature and the injection temperature was de-
creased from 200 to 187 °C, as the latter is the temperature at
which the reaction was at reflux (details of the synthesis are re-
ported in the Experimental Section). The increase of this tem-
perature with respect to the boiling point of the pure solvent
is ascribable to the presence of the high boiling point ligand
molecules. After the purification steps, the final colloidal dis-
persion was colorless and emitted a feeble violet light under
UV irradiation (Figure 2). According to X-ray diffraction (XRD)
analysis (Figure 2a), the NCs had a Pm3m cubic structure, as
expected.[*]

The differences in the relative intensities of the peaks com-
pared to the bulk pattern are ascribed to a preferential orienta-
tion of the cubic NCs on the substrate, as extensively reported in
the literature. Moreover, the first diffraction peak splits into two
signals, evidencing the formation of an ordered superlattice on
the as discussed by some of us in previous works.[>*2] The opti-
cal absorption spectra (ABS) of the NCs (Figure 2b) were charac-
terized by an excitonic peak at 400 nm, whereas the photolumi-
nescence (PL) spectra evidenced a well-defined signal at 408 nm.
The full widths at half maximum (FWHM) of the PL peaks were
85 and 83 meV for NCs synthesized in (R)- and (S)-limonene,
respectively (Figure S1, Supporting Information). The synthesis
in (R)-limonene delivered cubic-shaped NCs with an edge length
of 9.9 + 2.5 nm; similar results were obtained in (S)-limonene
where the NCs were also cubic in shape, with an edge length of
9.8 + 2.5 nm (Figure 2c—f and Table 1). The PLQY values were
2% and 5% for the samples prepared in (R)- and (S)-limonene,
respectively, which are lower than those of CsPbCl; NCs pre-
pared with more traditional methods. We ascertained that one
reason is certainly the synthesis temperature. Indeed, switching
back to ODE as a solvent and lowering the temperature of the
synthesis from 200 to 187 °C caused a decrease in the PLQY of
the NCs from 34% to 20% (Figure S2 and Table S5, Supporting
Information).
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Figure 2. a) XRD patterns, and b) optical absorption (dash line) and PL (solid line, A.,. = 365 nm) spectra of CsPbCl; NCs synthesized in (R)-limonene
(purple color) and (S)-limonene (dark cyan color); the insets in (b) are photographs of the colloidal dispersions under visible and 365 nm light irradiation;
c,d) low-magnification transmission electron microscopy (TEM) images and e. f) size distributions of the CsPbCl; NCs synthesized in (R)-limonene

(c,e) and (S)-limonene (d,f).

2.2. CsPbBr; NCs

The CsPbBr; NCs were synthesized following the method pro-
posed by Baranov et al.>3 in our case working under nitrogen
instead of air (details of the synthesis are reported in the Experi-
mental Section). Briefly, the synthesis consisted of a hot-injection
method in which PbBr,, oleyl amine (OLAM), oleic acid (OLAC),
and limonene were mixed in a vial under an inert atmosphere.
Then, the temperature was increased and at 160 °C the cesium
oleate (CsOLAC) solution was swiftly injected, followed by nat-
ural cooling. Additional details are reported in the Experimen-
tal Section. The XRD analyses of the final, purified sample con-
firmed the orthorhombic Pm3m structure for the NCs prepared
both in (R)- and (S)- limonene (Figure 3a).>* As for the CsPbCl,
discussed earlier, the two most intense peaks, related to the (1,0,0)
and (2,0,0) crystallographic planes, reflect the tendency of the
NCs to orient preferentially on the sample holder. Figure 3b re-

ports the ABS and PL spectra. In the ABS the excitonic peak was
at 502 nm for both samples; the emission was dominated by a
sharp peak centered at 513 nm with a FWHM of 75 meV and 74
meV for the NCs prepared in (R)- and (S)-limonene, respectively
(Figure S1, Supporting Information). Interestingly, both materi-
als had a remarkably high PLQY (~85%), which is higher than
that of the same NCs synthesized in ODE (Table S5, Support-
ing Information). The TEM micrographs confirmed the cubic
shape of the NCs (Figure 3c,d) and a good size distribution for
both the samples (Figure 3e,f), with 9.2 + 1.0 and 9.1 + 1.1 nm
for (R)- and (S)-limonene, respectively. The mean size is con-
sistent with the peak position in the PL spectra.”! Similar re-
sults were obtained for the NCs prepared in ODE (Table S5 and
Figure S3, Supporting Information) except for their lower PLQY,
although a modification of the injection temperatures leads
to NCs with broader size distribution (Figure S4, Supporting
Information).

Table 1. Comparison of CsPbX; NCs synthesized in (R)- and (S)-limonene in terms of NCs size and optoelectronic properties.

Stoichiometry Solvent Tinj Size [nm] PLQY Peak wavelength FWHM of PL
CsPbCly (R)-limonene 187 °C 9.9+25 2% 408 nm 85 meV
(S)-limonene 187 °C 9.8+25 5% 408 nm 83 meV
CsPbBr, (R)-limonene 160 °C 92+1.0 86% 513 nm 75 meV
(S)-limonene 160 °C 9.1+ 1.1 86% 513 nm 74 meV
CsPbl; (R)-limonene 165 °C 17.0 +2.0 53% 692 nm 81 meV
(S)-limonene 165 °C 172+18 66% 692 nm 81 meV
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Figure 3. a) XRD patterns, and b) optical absorption (dash line) and PL (solid line, A4, = 365 nm) spectra of CsPbBr; NCs synthesized in (R)-limonene
(green color) and (S)-limonene (olive-green color); the insets in (b) are photographs of the colloidal dispersion under visible and 365 nm light irradiation;
c,d) low-magnification TEM micrograps and e,f) size distribution of the CsPbBr; NCs synthesized in (R)-limonene (c,e) and (S)-limonene (d,f).

2.3.CsPbl; NCs

The CsPbl; NCs were synthesized by the method proposed by
Akkerman et al.>®! but working under nitrogen instead of air
(details of the synthesis are reported in the Experimental Sec-
tion). The synthesis consists of a hot-injection method in which
an oleylammonium iodide (OLAM-I) precursor is injected, trig-
gering the NCs formation (see the Experimental Section). After
the purification steps, the final colloidal dispersions have a red
color and emit red light under UV excitation (Figure 4).

The XRD analyses indicated a structure compatible with that
of bulk cubic CsPbl; (Figure 4a),””] however with only some
peaks present, due to preferential orientation. The features of
these NCs are very similar to those of the same NCs synthe-
sized in ODE (Figure S5, Supporting Information). Similarly to
the Cl and Br-based NCs, the absorption and emission spec-
tra of the NCs did not depend on which limonene enantiomer
was used (Figure 4b). The absorption was characterized by an
excitonic peak at 665 nm whereas the emission was peaked at
692 nm; the FWHM of the emission peak was 81 meV and 81
meV for the NCs synthesized in (R)- and (S)-limonene, respec-
tively. Figure 4c,d are TEM micrographs of the samples. They
reveal a cubic shape of the NCs, with an edge length of 17.0
+ 2.0 nm for (R)-limonene and 17.2 + 1.8 nm for (S)-limonene
(Figure 4e,f). The PLQY was 53% ((R)-limonene) and 66% ((S)-
limonene). These values are comparable with those of the same
NCs prepared in ODE (Table S5, Supporting Information), even
if the sample synthesized in ODE at the same temperature as
the synthesis in limonene (165 °C) was characterized by a double
population formed by cubes and rods (Figure S5, Supporting In-
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formation); the same behavior was observed by reducing the in-
jection temperature to 150 °C when limonene was used (Figure
S6, Supporting Information).

To test the stability of the synthesized NCs, the pristine ma-
terials were stored for 31 days at 4 °C and then analyzed.
All the NCs retained their structural, morphological, and opti-
cal properties (Figures S7-S9, Supporting Information); how-
ever, we observed a decrease in the PLQY both in the sam-
ple synthesized in ODE and in limonene (Table S6, Supporting
Information).

2.4. Solvent Recovery and Stripping

As already anticipated, limonene is characterized by a relatively
low boiling point (=175 °C); even if this limits the temperature
range achievable during the synthesis, on the other hand it al-
lows solvent recycling and, in principle, its complete removal
from the NCs. The waste obtained after the synthesis is a col-
ored mixture (Figure S10a, Supporting Information) constituted
by the solvent, the ligands (OLAM and OLAC), and possible un-
reacted inorganic salts. OLAM and OLAC have a high boiling
point and a low vapor pressure; the metals and their derivates are
practically non-volatile. We then performed a vacuum distillation
(Figure S10b, Supporting Information) to check the possibility
of retrieving pure limonene (see Experimental Section). The re-
covered liquid (Figure S10c, Supporting Information) was clear
and colorless for the (R)-limonene case and clear and pale yellow
for the (S)-limonene case. The distillation yield was quantified in
70% and 90% for the (R)- and (S)- enantiomers, respectively. The
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Figure 4. a) XRD patterns, and b) optical absorption (dash line) and PL (solid line, A, = 365 nm) spectra of CsPbl; NCs synthesized in (R)-limonene
(orange color) and (S)-limonene (red color); the insets in (b) are photographs of the colloidal dispersion under visible and 365 nm light irradiation; c,d)
low-magnification TEM micrographs and e,f) size distribution of the CsPbl; NCs synthesized in (R)-limonene (c,e) and (S)-limonene (d,f).

'H NMR spectra of the two liquids confirmed the purity of the
distillates and the absence of secondary organic products (Figure
S10d, Supporting Information). The possible presence of Cs and
Pb was excluded by the ICP-AES and ICP-MS analyses (the con-
centration of both elements was lower than the detection limit,
see the Supporting Information). We then employed the recov-
ered solvents to synthesize the CsPbX; NCs again. The NCs pre-
pared from this second synthesis using the recycled solvents had
the same features as the NCs obtained in the original pure sol-
vents (Figures S11-S13, Supporting Information).

In the traditional syntheses using ODE, several studies
have reported the issue of incomplete removal of ODE from
the NCs even after several washing steps.l?6?581 We verified
that limonene instead can be quantitatively removed from
the NCs just by vacuum pumping. Indeed, we put a por-
tion of CsPbBr; NCs suspension in hexane under vacuum
overnight; then, the NCs were dispersed in tol-d; and an-
alyzed by 'H NMR. The analyses confirmed the complete
removal of the limonene, differently from what was ob-
served for the NCs prepared in ODE (Figure S14, Supporting
Information).

2.5. LCA Comparison Between the Different Synthetic Paths

The aforementioned results highlight how limonene can be suc-
cessfully used for the synthesis of LHPs NCs, especially for the
Br and I- based compounds. To investigate the green aspect of
our approach, we performed a dedicated analysis using an LCA
approach. Table 2 shows the environmental impacts (GWP) in
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terms of kg of CO, equivalent released during the synthesis
of 100 g of NCs. These values were calculated using the value
reported in Table S7 (Supporting Information) and the reaction
yields (Table S8, Supporting Information).

The replacement of ODE with limonene leads to a reduc-
tion in CO, emissions that ranges from 58% (CsPbCl, in
Table 2) to 83% (CsPbBr; in Table 2); for CsPbBr;, the reduc-
tion reaches up to 95% for the synthesis of CsPbBr; NCs if
limonene is recovered by distillation (42.4 GWP and 2.14 GWP
for the ODE and limonene, respectively; Table 2 and Figure 5).
If we consider limonene as a raw material, the benefit ob-
tainable by its recovery it is offset by a substantially equiva-
lent contribution related to the impact of the distillation pro-
cess. Since limonene is produced industrially by distillation,
the impact is fully consistent with the production from scratch.
However, the benefit of this process becomes clear when con-
sidering the drastic reduction in the volume of the disposal
solution.

Comparing the impact of the three syntheses (reaction phase),
the use of limonene as a solvent leads to a measurable reduction
in the carbon footprint (by ~25%, 70%, and 50% for CsPbCl,,
CsPbBr,; and CsPbl,, respectively; Figure 5). However, based on
the reaction yield of CsPbl;, limonene is a less efficient sol-
vent if one takes into account the greater use of chemicals re-
quired, all other conditions being equal. On the other hand, the
NCs prepared in limonene possess better properties in terms
of size control when compared to their homologs prepared in
ODE under the same experimental conditions (Figure 4; Figure
S5, Supporting Information). The lower efficiency for limonene
is even more marked in the synthesis of CsPbCl; (Table 2).
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Table 2. GWP values for the synthesis of 100 g of NCs. The values in brackets refer to the distilled limonene.

Phase Material/Operation GWP [kgcozeq/ 100 g CsPbCly] GWP [kgcozeq/ 100 g CsPbBr;] GWP [kgcozeq/ 100 g CsPbl;]

ODE LIM ODE LIM ODE LIM

REACTION Solvent 4.52 1.91 42.4 7.12 9.39 2.83
(0.57) (2.14) (0.85)

Pb source 0.07 0.18 % 0.15 0.28

Cs source 0.03 0.08 3.84 4.05 0.06 0.12

Halogen source 0.34 0.89 1.17% 1.23%% 1.1 2.10

Oleic compounds 0.35 0.93 1.27 1.34 0.12 0.23

Sus ToTAL 5.31 3.99 48.7 13.8 10.83 5.56
(2.65) (8.8) (3.58)

AUX Distillation - - - - - -

(1.34) (4.98) (1.98)

Disposal 5.46 14.48 98.19 103.5 14.69 27.83
(9.70) (83.5) (19.84)

ToTAL 10.77 18.47 146.89 117.7 25.52 33.39
(13.09) (97.28) (25.4)

Overall, considering all the parameters (consumption of the
chemical, waste disposal, distillation, etc.) that affect the total im-
pact of the synthesis, limonene is preferred over ODE only for
CsPbBr;. For CsPbl, the two solvents have a comparable impact,
whereas for CsPbCl; ODE is actually preferred (Figure 5). The
analysis highlighted significant differences in terms of overall
impact among the syntheses, regardless of the solvent used, with
the CsPbBr; synthesis being by far the most impactful one. Fi-
nally, we also considered the influence of the washing step. Inter-
estingly, the use of ethyl acetate (AcOEt the overall sustainability
(Table S9, Supporting Information). Thus, for future process op-
timization, the replacement of AcOEt appears to be of primary
importance.

3. Conclusion

In conclusion, we have successfully synthesized CsPbX; (X =
Cl, Br, I) NCs using the alternative and green solvents (R)- and
(S)-limonene. The obtained NCs presented a cubic morphology
and had crystal structure and optical properties comparable to
those of their homologs synthesized using the more traditional
solvent ODE. By exploiting the relatively low boiling point of

20

limonene, we demonstrated its easy removal from the synthe-
sized NCs and the possibility of its recovery from the synthe-
sis waste as a pure solvent that could be reused for subsequent
syntheses. Through an LCA approach, we confirmed the benefit
of the use of limonene. In principle, limonene can be extended
to the synthesis of other metal halide NCs and even to NCs of
other compositions. In general, green solvents represent a valid
option to reduce the production of waste, thus leading to a re-
duced economic and environmental impact in the synthesis of
nanomaterials.

4. Experimental Section

Materials:  Benzoyl chloride (BzCl, Acros Organic, 99%), cesium car-
bonate (Cs,COj3, Alfa Aesar, 99.9%), ethyl acetate (AcOEt, Sigma—Aldrich,
>99.5%), hexane (Sigma—Aldrich, 99%), iodine (l,, Fluka, >99.8%),
lead(ll) acetate trihydrate (Pb(OAc),x3H,0O, ThermoFisher Scientific,
99.995%), lead(ll) bromide (PbBr,, Sigma—Aldrich, 99%), (R)-limonene
(ThermoFisher Scientific, 96%), (S)-limonene (Sigma—Aldrich, 96%), oleic
acid (OLAC, Alfa Aesar, tech. 90%), oleyl amine (OLAM, ThermoFisher
Scientific, 80%-90%), oleyl amine (OLAM, Sigma—Aldrich, 70%), toluene
(Alfa Aesar, 99%), deuterated toluene (tol-dg, Sigma—Aldrich, 99.6
atom % D). All the chemicals were employed without any further
purification.

160
x CsPbCl, * CsPbBr, CsPbl,
140 304
& ~ * w * *
(Z) 15 . LZ) 120 (2) 254 —
,é_” * g 101 g 20 4
\510- \5 80 4 \6'
a8 8 8 154
3 g o g
4 @ =Ty @ a0l # =
o # e 10
= 54 @ = 40 = @
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Figure 5. GWP values for the synthesis of 100 g of CsPbX; (X = Cl, Br, I) estimated considering (#) only the solvent contribution, (@) the solvent and

reagents, (") and the solvent, reagents, distillation, and disposal.
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CsOLAC Synthesis:  Cs,CO; (400 mg), and oleic acid (OLAC, 1.75 mL)
were loaded in a 40 mL vial with either (R)- or (S)-limonene (15 mL) and
put under nitrogen flux.[>>] The mixture was heated at 100 °C under vigor-
ous stirring until the solution became fully transparent. The final transpar-
ent yellow solution (0.15 m) was used for the synthesis of CsPbBr; NCs.

Synthesis of OLAM-I: 1, (0.75 mg), OLAM (80%-90%, 4.5 mL), and
either (R)- or (S)-limonene (10.5 mL) were loaded into a 25 mL three-neck
flask and put under nitrogen.[>8] Then, the mixture was heated at 100 °C,
leading to a red solution. The so obtained OLAM-I solution (0.4 m |,) was
transferred, when still hot, into a vial, without any further purification and
was then stored under nitrogen.

Synthesis of CsPbCl; NCs: Pb(OAc),x3H,0 (76.0 mg), Cs,CO;
(16.0 mg), OLAC (0.3 mL), OLAM (70%, 1 mL) and either (R)- or (S)-
limonene (5 mL) were loaded into a 25 mL three-neck flask.[®] The solu-
tion was put under vigorous stirring and left under vacuum for 1 h. Then,
the atmosphere was switched to nitrogen, and the reaction temperature
was raised until reflux (187 °C) and BzCl (210 uL) were swiftly injected,
triggering the nucleation and growth of the NCs. After 20 s, the flask
was cooled in an ice bath. The final suspension was orange and cloudy
(Table S1, Supporting Information), and was centrifugated at 4000 rpm
for 10 min. The precipitate was centrifuged again for 1 min to remove
additional solvent, gently washed twice using toluene (300 uL), and then
dispersed in hexane (2 mL). The final colloidal suspension was clear and
colorless.

Synthesis of CsPbBr; NCs: PbBr, (72.4 mg), OLAM (80%—90%,
410.2 mg (500 pL)), OLAC (44.5 mg (50 uL)) and either (R)- or (S)-
limonene (5 mL) were loaded into a 20 mL vial.[>3] The reaction mixture
was put under nitrogen under vigorous stirring and heated at 165 °C to
dissolve all of the precursors. Then, at 160 °C, CsOLAC solution (0.15 m,
500 pL) was swiftly injected, and the flask was cooled naturally to room
temperature (Table S2, Supporting Information). The reaction mixture
was centrifugated at 4000 rpm for 5 min, and the precipitate was dis-
charged. A solution of AcOEt with 5% in volume of the ligands (in a 10:1
OLAM:OLAC ratio) was dropped into the supernatant until it turns cloudy.
Then, the resulting mixture was centrifuged at 4000 rpm for 5 min, the
precipitate was collected and dispersed in hexane (1.5 mL). The wash-
ing process was performed twice, leading to a green, transparent colloidal
suspension.

Synthesis of CsPbl; NCs: Pb(OAc),x3H,0 (75.9 mg), Cs,CO;
(16.3 mg), OLAC (183.4 mg (200 pL)) and the proper solvent ((R)- or (S)-
limonene, 5 mL) were loaded into a 20 mL vial and pumped to vacuum
for 1 h.56] Then, the temperature was quickly raised up to 165 °C and
the pre-heated OLAM:-| solution (0.4 m |,, 2 mL) was swiftly injected. Af-
ter 10s the reaction was quenched using a water bath, leading to a cloudy
and red suspension (Table S3, Supporting Information). The latter mixture
was centrifugated at 6000 rpm for 5 min and the precipitate was washed
as described for the synthesis of CsPbCl; NCs. The final NCs were then
dispersed in 5 mL of hexane.

Vacuum Distillation: The waste derived from the first centrifugation
step of each synthesis was loaded into a flask with a Vigreux column
on the top and pumped to vacuum (5 mmHg). The flask was heated
at 140 °C, inducing the vaporization of the limonene (vapor temper-
ature of 55 °C). The distilled limonene was clear and colorless with
a yield that was at least 70% and 90% for (R)- and (S)-limonene,
respectively.

Optical Absorbance Measurements: These were carried out on a Shi-
madzu UV-2600i spectrophotometer. The samples were diluted in hexane
(3 mL) inaquartz cell (optical path 10 mm) to obtain an absorption of 0.3
at the bandgap. The spectra were acquired in the 300-700 nm range for
the CsPbCl; and CsPbBr; NCs, and the 300-900 nm range for the CsPbl;
NCs.

Photoluminescence (PL) and Photoluminescence Quantum Yield (PLQY)
Measurements: The photoluminescence spectra were recorded using an
Edinburgh FS5 Spectrofluorometer, equipped with a continuous Xe lamp
as an excitation source. The PL spectra were measured at 4., = 365, 357,
and 350 nm for CsPbCl;, CsPbBr;, and CsPbls, respectively (excitation slit
width 3 nm, emission slit width 2 nm). The PLE spectra were measured at
the PL maximum (excitation slit width 2 nm, emission slit width 3 nm). The
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PLQY was estimated using an integrating sphere (0.8 nm excitation slit
width and 0.8 nm detection slit width). The analyses were carried out on
diluted NC solutions dispersed in hexane in quartz cuvettes (path length
of 1.cm).

X-Ray Diffraction (XRD) Analysis: The XRD patterns were collected
by a Rigaku MiniFlex 600 diffractometer. The samples were prepared by
drop casting the final colloidal solution obtained from the synthesis on
a zero background Silica wafer. The diffractogram was acquired using
the Cu K, irradiation, in the range 5°-60°, step 0.02° and speed 2.5°
min~".

Transmission Electron Microscopy (TEM): TEM micrographs were ac-
quired using a JEOL JEM-1011 microscope equipped with a thermionic
gun at 100 kV accelerating voltage. The samples were prepared by drop-
ping dilute suspensions of NCs onto carbon-coated 200 mesh cop-
per grids. The image elaboration was performed using the software
Image].[%]

Nuclear Magnetic Resonance (NMR) Spectrometry: NMR spectra
were measured on a JEOL JNM-ECZ400R at 400 MHz (1H) at
20 °C in CDCl;. The chemical shifts (5) were expressed in parts
per million relatives to tetramethylsilane (TMS) as internal standard
(0.00 ppm). The data treatment was performed using the MestReNova 14
software.[6]

Inductive Coupled Plasma (ICP-OES and ICP-MS) Elemental Analysis:
Lead concentrations in the distilled solvents were estimated by ICP-OES
using an iCAP 7600 DUOICP-OES spectrometer (ThermoFisher Scien-
tific). 30 uL of each distilled solvent was mixed with 1 mL of aqua regia
(HCI:HNO; 3:1, final concentration 10% v/v). After 8 h, the solution was
added to 10 mL of ultrapure water. Thus, the final solution was filtered by a
0.45 um PTFE filter and analyzed. Cesium was analyzed by an ICP-MS us-
ing an iCAP-TQ mass spectrometer (Thermofisher Scientific); the sample
was prepared as ICP-OES, adding HNOj3 at 1% v/v on the final solution.
The limit of detection (LOD) was 0.3 ppb and 0.01 ppb for the Pb and Cs,
respectively.

Life Cycle Analysis (LCA): The assessment of the environmental con-
sequences of an activity could be achieved through an LCA, which gen-
erally included the following four different steps (ISO 14040 (2006) and
ISO 14044 (2006)): i) identification of objectives and scope (definition
of system boundaries, functional units, and required data); ii) Life Cycle
Inventory (LCl): collection of data, with analysis of related balances (en-
ergy and mass) according to the objective and scope; iii) Life Cycle Im-
pact Assessment (LCIA): conversion of the LCl into environmental im-
pacts, including consumption of natural resources and possible health
impacts; iv) Interpretation: detailed analysis of the results obtained and
identification of possible improvements to mitigate environmental im-
pacts. Although originally developed to assess the life cycle of a prod-
uct, the LCA methodology was increasingly employed in assessing the
impact of processes.[8] In a similar vein, it can also be used to assess
the sustainability of different synthesis pathways and thus identify the
most environmentally acceptable option. All analyses were performed us-
ing the Ecoinvent 3.10 database;l%?] all results were expressed in terms
of Global Warming Potential over a 100-year period (GWP-100), accord-
ing to the CML20071-January 2016 method.[%3] GWP is a relative measure
based on the quantification of greenhouse gas emissions; other parame-
ters could have been used,[®*] but GWP was considered the most inter-
esting in relation to the current situation of global warming and climate
change.

To obtain an easily interpretable and sufficiently meaningful evaluation,
100 g of each final product was considered as a functional unit for each
synthetic route. Therefore, all amounts of reagents used were rescaled ac-
cording to the yield of each synthesis. For compounds for which no foot-
print data were available, such data were conveniently derived from the
data of the precursors by looking at their production process. The analyses
were carried out considering the entire life cycle of the different processes
(from the cradle to the grave). Since limonene could be easily recovered
by distillation from the reagent solution, with an experimentally verified ef-
ficiency of not less than 70%, this alternative scenario of partial limonene
recovery was also considered.
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