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ABSTRACT: We report the colloidal synthesis of a series of 
surfactant-stabilized lead chalcohalide nanocrystals. Our work is 
mainly focused on Pb4S3Br2, a chalco-halide phase unknown to 
date that does not belong to the ambient-pressure PbS – PbBr2 
phase diagram. The Pb4S3Br2 nanocrystals herein feature a 
remarkably narrow size distribution (with a size dispersion as 
low as 5%) a good size tunability (from 7 to ∼30 nm), an 
indirect bandgap, photoconductivity (responsivity = 4 ±  1 
mA/W) and stability for months under air. A crystal structure is 
proposed for this new material by combining the information 
from 3D electron diffraction and electron tomography of a 
single nanocrystal, X-Ray powder diffraction and density 
functional theory calculations. Such a structure is closely related 
to that of the recently discovered high-pressure chalcohalide Pb4S3I2 phase, and indeed we were able to extend our synthesis scheme to Pb4S3I2 
colloidal nanocrystals, whose structure matches the one that has been published for the bulk. Finally, we could also prepare nanocrystals of 
Pb3S2Cl2, which proved to be a structural analogue of the recently reported bulk Pb3Se2Br2 phase. It is remarkable that one high-pressure 
structure (for Pb4S3I2) and two metastable structures that had not yet been reported (for Pb4S3Br2 and Pb3S2Cl2) can be prepared on the 
nanoscale by wet-chemical approaches. This highlights the important role of colloidal chemistry in the discovery of new materials and motivates 
further exploration into metal chalcohalides nanocrystals.

INTRODUCTION 

Over the last decade, lead chalcogenides first and lead-halide per-
ovskites later have been among the cornerstone materials in nano-
crystal (NC) research.1–3  Nowadays, many fundamental questions 
on these materials have been answered, and as interest in them is 
progressively shifting towards their applications, the quest for new a 

generation of inorganic NCs with appealing optoelectronic proper-
ties is becoming more compelling. An interesting class of com-
pounds, which has hardly been explored on the nanoscale to date, is 
that of metal chalcohalides.4–7 These materials offer a rich solid-state 
chemistry8 and structural diversity,9,10 and they have proven to be 
useful for applications ranging from solar energy conversion to ther-
moelectrics, hard radiation detection, and superconductivity.11–14 
Among them, lead chalcohalides have been investigated in the past, 



 

up to the complete determination of the atmospheric pressure PbY–
PbX2 binary phase diagrams (Y = S, Se ; X = Cl, Br, I),8 a search that 
led to the discovery and structural characterization of two stable 
(Pb5S2I6 and Pb7S2Br10) as well as some metastable chalco-halide 
structures (Pb4SCl6 and Pb4SeBr6).15,16 For the PbS-PbBr2 system, a 
few additional tentative stoichiometries have been identified.16–19 In 
various works, different compositions such as (PbBr)2S17,18, “2PbS-
PbCl2” and “2PbS-PbBr2”16,19 have been reported and even partially 
characterized, with Rabenau et al. demonstrating that “2PbS-PbBr2” 
thermally decomposes into a mixture of Pb7S2Br10 and PbS.16 How-
ever, in the case of those latter phases the crystal structures were not 
determined, therefore precluding further investigations and leaving 
the door open to the possibility of identifying new lead chalcohal-
ides. Indeed, Ni et. al. recently synthesized in bulk two high-pressure 
phases, namely Pb4S3I2 and Pb3Se2Br2, by means of a high-pressure 
solid-state reaction.20,21  

In our attempt to synthesize colloidal lead sulphobromide NCs, 
we have discovered a phase that has not yet been reported, namely 
Pb4S3Br2. We could prepare NCs of this material, which were 
roughly spherical in shape and had narrow size distributions, with an 
average size that was tunable from 7 to ∼30 nm. The NCs always 
exhibited an absorption onset at around 650 nm, which is compati-
ble with the calculated bandgap of 1.98 eV (∼630 nm). We have 
been able to propose a structural model for this new material, based 
on single NC 3-dimensional electron diffraction (3D-ED)22–25 and 
on X-Ray powder diffraction (XRPD) data. Our findings were fur-
ther supported by high angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM) tomography of an indi-
vidual NC. Density functional theory (DFT) calculations confirmed 
an indirect bandgap, which explains the absence of an excitonic peak 
in the experimental optical absorption spectrum.  

The structure we propose for the Pb4S3Br2 NCs shares close simi-
larities with that of the recently published high-pressure (4 GPa) 
Pb4S3I2 phase, 

21 featuring the same space group and a comparable 
atomic layout. Differently from lead halide perovskites, and more 
akin to the case of lead chalcogenides, our Pb4S3Br2 NCs were colloi-
dally stable under air and at room temperature for at least 2 months, 
a time span during which they did not undergo any structural, com-
positional or optical changes. On the other hand, they thermally de-
composed at temperatures above ∼250°C, by forming a mixture of 
the thermodynamically stable PbS and Pb7S2Br10, which is consistent 
with what already reported for other phases in the PbS-PbBr2 sys-
tem.16 We also tested our Pb4S3Br2 NCs in photodetectors and solar 
cells, proving that they are indeed capable of both photo-response 
and energy harvesting, even if with low efficiency in these initial at-
tempts.  

We could further extend our synthetic protocol to Pb4S3I2 and 
Pb3S2Cl2 NCs. The structure of the iodine-based NCs matches that 
of high-pressure bulk Pb4S3I2.21  The chloride-based NCs appear in-
stead to be compatible with the stoichiometry and tentative X-ray 
pattern reported in 1969 by Rabenau et. al. for a phase called “2PbS 
+ PbCl2” which, according to their report, they could neither purify 
nor fully characterize.16 Thanks to these clues, we discovered that the 
structure of our chlorine-based NCs closely resembles that of bulk 
Pb3Se2Br2, recently reported by Ni et. al. as well,20 and we were able 
to adapt it in order to Rietveld fit our XRPD data.  

We point out that none of these structures (Pb3S2Cl2, Pb4S3Br2, 
Pb4S3I2) belongs to the ambient-pressure PbS – PbX2 phase dia-
grams.16 Hence, we find it remarkable that a colloidal chemistry ap-
proach has enabled us to prepare stable NCs of an entirely new 
group of metastable structures which in the bulk were only obtained 
under high-pressure conditions (Pb4S3I2), in traces (Pb3S2Cl2), or 
that were never obtained at all to date (Pb4S3Br2). 

 

EXPERIMENTAL SECTION 

Chemicals. Lead thiocyanate (Pb(SCN)2, 99.5%), lead bromide 
(PbBr2, ≥98%), lead iodide (PbI2, 99%), lead chloride (PbCl2, 98%),  
oleylamine (OLAM, 70%), oleic acid (OA, 90%), 1-octadecene 
(ODE, 90%), NH4SCN (≥97.5%), Zn(CH3COO)2∙2H2O (≥99%), 
Al(NO3)3∙9H2O (≥98%), 1-Ethyl-3-methylimidazolium iodide 
(EMII, 97%), methanol (MeOH, anhydrous, 99.8%), ethanol 
(≥99.5%) and toluene (TOL, anhydrous, 99.8%) were purchased 
from Sigma-Aldrich. All chemicals were used without further purifi-
cation (lead salts were stored under nitrogen). 

Synthesis of Pb4S3Br2 NCs. All the syntheses of Pb4S3Br2 NCs 
were performed in air, without pre-drying chemicals or solvents, via 
a heat-up synthetic approach similar to the one developed by us for 
the synthesis of ultrathin PbS nanosheets.26 Briefly, 0.2 mmol of 
PbBr2 and 0.2 mmol of Pb(SCN)2 where dissolved in a mixture of 10 
mL ODE and 250 μL of OLAM and OA at 120°C in a 25 mL three-
necked flask. Then, the solution was quickly heated (∼20°C/min) 
and started turning from light-yellow to bloody red above 150°C 
while the NCs nucleated and grew. The reaction was quenched by 
cooling the flask in a water bath; size control was achieved by varying 
the maximum temperature reached before quenching. Additionally, 
the NCs could be grown further by dropwise addition of a solution 
of precursor over several hours at a constant temperature of 170°C, 
as described in the discussion. Depending on their size, the NCs 
were recovered by simple centrifugation or by ethyl-acetate assisted 
precipitation followed by centrifugation (6000 rpm for 5 min in both 
cases). Additional details on the synthesis are provided in the 
Supporting Information (SI, section S.a). 

Synthesis of Pb4S3I2 and Pb3S2Cl2 NCs. The Pb4S3I2 and 
Pb4S2Cl2 NCs were prepared by adapting the synthetic protocol 
developed for Pb4S3Br2. Simply, PbBr2 was replaced with an 
equimolar amount of the desired lead halide. For the synthesis of 
Pb4S3I2, since PbI2 was more soluble than PbBr2 in the reaction 
mixture, the synthesis could proceed as in the Pb4S3Br2 NCs case 
without any further modification. However, a crystalline impurity, 
most likely PbI2 nanosheets or flakes, formed together with Pb4S3I2 
NCs and could not be removed from the final product. For the 
synthesis of Pb3S2Cl2, as PbCl2 was less soluble than PbBr2 in the 
reaction mixture, longer times were needed for the solubilization (up 
to 1h). We also performed a filtration with a 0.2 µm PTFE filter 
(Sartorius®) to remove any undissolved residual before performing 
the heat-up step. The product was often contaminated by large-size 
PbS NCs, which could be removed by simple centrifugation, while 
the smaller Pb3S2Cl2 NCs remained suspended in the reaction batch 
and could be later recovered by ethyl-acetate assisted precipitation, 
as described for the Pb4S3Br2 NCs case. Additional details on the 
syntheses are provided in the SI (sections S.c-d). 

Preliminary characterization of the NCs. Absorption spectra 
from colloidal suspensions of NCs in toluene or hexane were 



 

recorded using a Cary300 spectrophotometer. The absence of any 
photoluminescence (PL) in the VIS-IR region was probed using an 
Edinburgh FLS920 spectrofluorometer equipped with a Xe lamp 
and VIS-PMT (up to 850 nm) and NIR-PMTs detectors (liquid N2 
cooled housing, up to 1700 nm) by exciting at 400 – 450 – 500 nm. 
Low-magnification transmission electron microscopy (TEM) 
images were acquired on a JEOL JEM-1011 microscope equipped 
with a thermionic gun at an accelerating voltage of 100 kV. The 
samples were prepared by drop-casting diluted NC suspensions 
onto 200 mesh carbon-coated copper grids. High resolution high 
angle annular dark field scanning TEM (HAADF-STEM) images 
were acquired with a probe-corrected Thermo Fisher Titan 
microscope operating at 300 kV, with a semi-convergence angle of 
20 mrad. Thermogravimetric analysis (TGA) was carried out on a 
TA Instruments TGA Q500 in inert atmosphere (N2, 50 mL/min), 
first equilibrating the sample at 30°C for 5 min and then heating at a 
constant rate of 10 °C/min up to 900°C. Energy dispersive X-Ray 
spectroscopy (EDX) was performed on a JEOL JSM-6490LA 
scanning electron microscope (SEM). The NCs were washed in 
ethyl acetate to remove the excess of organics and unreacted 
precursors and drop-cast on a silicon wafer. TEM – energy 
dispersive X-ray spectroscopy (TEM-EDX) compositional analysis 
was performed on a Zeiss Libra TEM operating at 120 kV equipped 
with a Bruker XFlash6T-60 detector.  

3D electron diffraction (3D-ED) experiments on individual 
NCs and ab initio structure solution. 3D-ED22,23 data were 
collected on a Zeiss Libra TEM operating at 120 kV and equipped 
with a LaB6 source. Data acquisitions were performed in STEM 
mode after defocusing the beam to achieve a parallel illumination of 
the sample. A beam size of about 150 nm in diameter was obtained 
by inserting a 5 μm C2 condenser aperture. An extremely mild 
illumination was adopted to avoid any alteration or amorphization 
of the sample and to slow down the accumulation of organic 
contaminants. 3D-ED data were recorded with an ASI Timepix 
detector,27 which is able to register the arrival of single electrons and 
deliver a pattern that is virtually background-free. The camera length 
was 180 mm, with a theoretical resolution limit of 0.75 Å. 3D-ED 
data were taken from three roughly spherical NCs of ~30 nm in 
diameter and four platelet-shaped NCs with lateral sizes of ~30 × 80 
nm. Both morphologies were found in the same synthetic batch (see 
details in the results and discussion section). 3D-ED data from the 
NCs were collected with a stationary electron beam, while the 
sample was tilted in fixed steps of 1° for a total range up to 115°. 
Diffraction data acquired when the electron beam was precessed 
were blurred and therefore were not suitable for the 3D 
reconstruction. 3D-ED data from nanoplatelets were instead 
collected with a precessing beam obtained by a Nanomegas 
DIGISTAR P1000 device, while the sample was tilted in fixed steps 
of 1° for a total range up to 70°.28,29 The data were analyzed using 
ADT3D30 and PETS31 for cell and space group determination. The 
intensity integration for the structure determination was performed 
with PETS, using the standard integration and interpolation 
options. The ab initio structure solution was obtained using direct 
methods implemented in the software SIR2014.32 Data were treated 
within the kinematical approximation: Ihkl ∝ F2

hkl.  

Real space atomic resolution electron tomography of a single 
NC. A tilt series of atomically resolved projection images was 
acquired on a single NC from -70° to +70°, with a tilt increment of 

2°, using a Thermo Fisher Titan microscope operating at 300 kV 
with a semi-convergence angle of 20 mrad.  To minimize the drift 
and compensate for scanning distortions during the acquisition, a 
series of images with a short dwell time was acquired at each tilt 
angle. Therefore, data restoration and registration were necessary 
before the tilt series could be aligned with respect to a common tilt 
axis. The first step in the calculation of the projection image was 
restoring the individual images of the time series by using a 
convolutional neural network.33 Next, these images were used as an 
input for a rigid and nonrigid average registration procedure.33 After 
an iterative alignment based on the phase correlation method, the 
tilt series was reconstructed using the simultaneous iterative 
reconstruction technique (SIRT) algorithm.34  The so-obtained 
reconstruction yielded atomic resolution data which were converted 
into a 3D representation of the reciprocal space by calculating a 
Fourier transform (FT).  From this 3D-FT, a 3D mask matching 
with the 3D-ED diffraction pattern corresponding to the NC was 
built, from which the unit cell parameters were extracted. 

X-Ray Powder Diffraction (XRPD): data collection, ab initio 
structure solution, Rietveld refinement. XRPD analysis was 
performed in θ:2θ scan mode on a Panalytical Empyrean 
diffractometer, equipped with a 1.8kW Cu-Kα ceramic anode 
working at 45 kV-40mA and a PIXcel3D detector. XRPD data were 
acquired on samples in the form of dry powders; the measurements 
were carried out in air at room temperature using a zero-diffraction 
silicon substrate. The ab initio structure solution by powder 
diffraction data was carried out using EXPO2014,35 a package able to 
perform all the necessary steps of the process, i.e., indexing, space 
group determination, full pattern decomposition, structure solution 
and structure model optimization. Due to the broadening of peaks 
in the powder diffraction pattern, some of the above steps (i.e., 
indexing and space group determination) were carried out taking 
into account the information provided by 3D electron diffraction 
data. The indexing was performed using the software N-
TREOR09,36 which is implemented in EXPO2014. The full pattern 
decomposition process in EXPO2014 alternates the application of 
the Le Bail algorithm to least-squares cycles that minimize the 
residual between the calculated and experimental profiles; the unit 
cell parameters belong to the set of refined variables. To reduce the 
errors on the integrated intensities estimates, a non-default full 
pattern decomposition process was applied, exploiting the prior 
information on the positivity of the Patterson function. The 
integrated intensities were automatically supplied to Direct 
Methods(DM)37 to carry out the structure solution step, and an 
automatic procedure able to explore all the twenty stored DM set of 
phases was executed, providing the corresponding twenty candidate 
structure models. Among them, the most plausible one, i.e. the one 
satisfying the main crystallochemical rules, was recognized by visual 
inspection via the user-friendly graphical tools of EXPO2014, 
allowing an easy check of the local chemical environment of the Pb 
atoms and of the crystal packing. Once the most reliable structural 
model had been identified and selected, it was further improved via 
the EXPO2014 graphic tools. Additional details concerning the ab 
initio structure solution steps by XRPD are provided in the SI 
(section S.k). 

Rietveld fits of the XRPD profiles were performed with the 
FULLPROF suite;38 the peak shape was described with a 



 

Thompson-Cox-Hastings pseudo-Voigt profile. The refined 
parameters were (according to the need of each fit): scale factor, 
multiple points linear interpolation background, unit cell 
parameters, isotropic or anisotropic crystallite size (spherical 
harmonics), atomic coordinates, and thermal factors (isotropic 
normally, anisotropic if needed). The instrumental resolution 
function for the diffractometer was obtained by fitting the XRPD 
pattern of a LaB6 standard.39 

Density Functional Theory (DFT) Calculations. Band 
structure calculations were performed using the VASP package.40 
The exchange-correlation potential was approximated by the PBE 
exchange-correlation functional,41 with the further inclusion of the 
spin-orbit coupling within the non-collinear approximation. We 
used a k mesh grid of 4x4x4 for the Brillouin zone integration. The 
atomic positions were relaxed until the forces were smaller than 
0.001 Hartree/Angstrom. We used a kinetic energy cutoff of 400 eV.  

3D representation of crystal structures. All the visual 
representations of crystal structures in this work were created with 
the software EXPO2014,35 VESTA,42 or Mercury.43 

X-ray and Ultraviolet Photoelectron Spectroscopy (XPS and 
UPS). Samples for XPS and UPS investigations were prepared onto 
Au-coated (50 nm) silicon substrates, by either drop-casting or 
following the same layer-by-layer method described later for the 
devices fabrication (by spin-coating and solid ligand exchange 
procedures) in a N2- filled glovebox. Measurements were performed 
with a Kratos Axis UltraDLD spectrometer. For XPS analysis, high-
resolution spectra were acquired at a pass energy of 10 eV using a 
monochromatic Al Kα source (15 kV, 20 mA). The UPS 
measurements were performed using a He I (21.22 eV) discharge 
lamp, on an area of 55 µm in diameter, at a pass energy of 5 eV and 
with a dwell time of 100ms. The work function (namely, the position 
of the Fermi level with respect to the vacuum level) was measured 
from the threshold energy for the emission of secondary electrons 
during He I excitation. A ‐9.0 V bias was applied to the sample to 
precisely determine the low-kinetic-energy cutoff, as discussed by 
Helander et. al.44 Then, the position of the valence band maximum 
(VBM) versus the vacuum level was estimated by measuring its 
distance from the Fermi level.45 

Fourier Transform Infrared spectroscopy (FTIR). We carried 
out Attenuated Total Reflection – FTIR (ATR-FTIR) measure-
ments under vacuum in a Bruker Vertex® 70v on a 4000-550 cm-1 
range and 100 repetition scans in order to evaluate the ligands pre-
sent at the NC surface and their removal for the device fabrication. 
We performed the measurements by drop-casting 10 μL of NCs col-
loidal suspensions directly on the diamond crystal. We analyzed 
both the suspensions in toluene originally used for the devices prep-
aration and that obtained from the redispersion in toluene of the 
scratched ligand-exchanged NC films (3 layers, see also the follow-
ing section on device preparation). 

Photodetector and solar cell fabrication and characteriza-
tion. The silicon/SiO2 (300 nm thermally grown, University wafer®) 
or the ITO/glass substrates (Ossila – 14-16 Ω/square) were first 
cleaned in an ultrasonic bath with acetone followed by isopropanol 
(8 min each step), and finally dried by N2 flow. Then, N2 plasma 
treatment was carried out at 100W for 2 min. The films (thickness 
~90 nm for the photodetectors, ~160 nm for the solar cells, meas-
ured by a Veeco Dektak® profilometer), were prepared via layer-by-

layer deposition in 4 and 7 consecutive steps, respectively. Each layer 
was deposited by spin-coating and ligand exchange procedures in a 
N2-filled glovebox. The removal of ligands from the surface of the 
NCs was evaluated by ATR-FTIR measurements (see SI, Figure 
S35). For each deposition step, the NCs dispersion (50 mg/mL in 
toluene, filtered with a 0.2 µm PTFE Sartorius® filter membrane) was 
spin-coated at 2500 rpm for 20 s (5 s ramp). Then, the substrate was 
dipped in a NH4SCN (1.2 mg/mL, for photodetectors), or a 1-
Ethyl-3-methylimidazolium iodide (EMII, 7 mg/mL, for solar cells) 
solution in MeOH for 20 s and rinsed by dipping in a beaker with 
MeOH before spin-coating again at 2500 rpm for 20 s for drying. To 
ensure the complete solvent evaporation, we stored the films in a N2-
filled box overnight before carrying out the buffer layers or contacts 
evaporation. For the solar cell, the buffer layer (MoO3, 12 nm, from 
Puratronic® - 99.9995%, Alfa Aesar) and the Au top-metal contacts 
(80 nm, from EvoChem – 99.99%) were deposited onto the film by 
using a thermal evaporator inside a glovebox (rate 0.5 Å/s) with the 
help of a shadow mask (0.03 cm2 circular pads). The Al-doped zinc 
oxide (AZO) electron transporting layer was prepared in a two-step 
procedure by spin-coating at 2500 rpm for 30 s (5 s ramp) and sub-
sequent annealing (140 °C for 10 min, 1h ramp in a Nabertherm 
P330 furnace) of a precursor solution in ethanol. This step was car-
ried out twice to reach a final AZO compact layer with a thickness of 
~50 nm. The precursor solution was prepared adapting an estab-
lished protocol.46 Briefly, 1g of Zn(CH3COO)2∙2H2O and 18 mg of 
Al(NO3)3∙9H2O were mixed in 8 mL of ethanol at 80°C during 2.5h 
and subsequently, still warm, filtered through a 0.2 µm PTFE filter 
membrane (Sartorius®). The precursor solution was again filtered 
through a 0.2 µm PTFE filter membrane just before the spin-coat-
ing. For the photoconductor, the NC film was spin-coated onto a 
SiO2/Si substrate with pre-interdigitated electrodes (Ti/Au, 10/50 
nm). The electrodes were prepared via standard photolithography 
and had an inter-electrode gap of 1 μm. 

SEM imaging of the films and devices was performed on a Helios 
Nanolab® 600 DualBeam microscope (Thermo Fisher), using 5kV 
and 0.2 nA as measurement parameters. Focused ion beam (FIB) 
was used to prepare cross-section of the solar cell samples for evalu-
ating the thickness of the layers forming the stack. 

Photoconductivity measurements. The photoelectrical charac-
terization was performed in air, using a Keithley 2612 source meter 
connected to a KarlSuss – Microtech probe station in a two-probe 
configuration. As a light source, we used a mounted 9-array matrix 
of white light emitting diodes (LEDs, ILH-ON09-VA) from Intelli-
gent LED Solutions® with emission wavelength in the 400-750 nm 
range with a power density of 100 mW/cm2. Current-voltage and 
current-time (at fixed voltage) measurements were acquired during 
on/off light cycles. 

Solar cell characterization. Current density-voltage (J-V) 
curves were recorded in air without device encapsulation using a 
Keithley 2400 source meter under 100 mW/cm2 (AM1.5G) illumi-
nation, provided by a LOT-Oriel LSH601/LSZ163 solar simulator. 
The light intensity was calibrated with a Newport 91150V reference 
cell. To test the shelf-life, we stored the solar cells in the dark under 
ambient atmosphere. 

 



 

 

Figure 1. Synthesis and characterization of Pb4S3Br2 NCs. a) TEM image of Pb4S3Br2 NCs prepared by quenching the synthesis at 180°C (Gaussian 
fit of their size distribution: 14.2±0.7 nm, inset on the left); b) Absorption spectrum of the sample reported in Figure 1a, along with a photograph of 
several aliquots of the same synthetic batch quenched at increasing temperatures (inset, T reported on labels in °C). As shown in Figure S3, the spectral 
profile is not dependent on the particles size and the color difference only depends on the concentration increment; c) XRPD pattern of  Pb4S3Br2 NCs 
compared with that of PbS (ICSD - 38293) and Pb7S2Br10 (ICSD – 21041), evidencing that there is no match with these most obvious candidates. 

RESULTS AND DISCUSSION 

Synthesis and size control of NCs. The Pb4S3Br2 NCs were pre-
pared by modifying the heat-up synthetic approach described in our 
previous work on PbS nanosheets, which relies on the thermal de-
composition of SCN- ions as a source of S2–, in the presence of Pb2+ 
and Br– ions.26 Our approach yielded nearly monodisperse polyhe-
dral (roughly spherical) NCs, with an average diameter that was tun-
able between 7 and 16 nm. We were able to control the diameter by 
varying the maximum temperature reached before quenching the re-
action (up to the limit of 190°C). For example, quenching at 180°C 
produced 14.2 ± 0.7 nm particles (Figure 1a and related inset). Dur-
ing the reaction, the originally formed nuclei grew as more and more 
S2– was released by the SCN– decomposition. The progress of the re-
action could be tracked through monitoring any changes in the color 
of the solution or by examining the evolution of the absorption spec-
trum: the growth kinetics were explored by quenching several ali-
quots of the reaction batch at different temperatures and measuring 
the absorption spectra and particle size for each aliquot (Figure 1b, 
see also Figures S1-4 and Table S1 of the SI). Above 190°C, the un-
reacted PbBr2 started to become insoluble, contaminating the prod-
uct. It was still possible to obtain larger particles and avoid the PbBr2 
precipitation, while also retaining a narrow size distribution, by fur-
ther accreting a smaller batch of NCs at a lower temperature. Briefly, 
the crude reaction mixture of a synthesis quenched at 170°C was re-
heated to the same constant temperature, and a PbBr2 + Pb(SCN)2 

solution (prepared as in a standard heat-up synthesis) was added 
dropwise at a rate of 5 mL/h with a syringe pump. This enabled us 
to grow particles up to ~30 nm in diameter (Figure S5), which were 
used for the 3D-electron diffraction (3D-ED) experiments. How-
ever, nanoplatelets with essentially the same composition, as deter-
mined by EDX analysis, appeared as a side product, eventually be-
coming a consistent fraction (Figure S6 and Table S2). Most of them 
could be removed by decanting the reaction product in 40 mL of tol-
uene and disposing the nanoplatelets-rich supernatant multiple 
times until the sample purity was satisfactory. 

Compositional and structural characterization. We first 
determined the stoichiometry of our material via XPS, which yielded 
an elemental ratio of Pb:S:Br = 43:32:25. This was consistent with 
the proposed Pb4S3Br2 stoichiometry (Pb:S:Br = 44.4:33.4:22.4) 
after the instrumental errors and crystal termination effects had been 
considered (Figure S11 and Table S5). A similar stoichiometry was 
also measured on a film of NCs via SEM-EDX analysis (Pb:S:Br = 
43:30:27, see Table S6, and Figure S12a-b). We also verified that Pb, 
S, and Br were uniformly distributed in the NCs through STEM-
EDX analysis (Figure S12c-f). Until now, no compound with such a 
stoichiometry has been reported, and the XRPD pattern could not 
be assigned to any known structure (Figure 1c): this was the first 
hint that we had obtained a new crystalline phase. To gain a better 
insight into the stoichiometry of this new material, we investigated 
our NCs by a combination of thermogravimetry and XRPD analyses. 
A sample that had been washed with ethyl acetate to remove the 



 

excess of ligands and unreacted precursors was decomposed in an N2 
atmosphere on a 10°C/min thermal ramp up to 900°C, evidencing 
three mass losses at around 250°C, 500°C and 800°C (Figure 2a).  

 

Figure 2. Thermal stability and decomposition of Pb4S3Br2 NCs. a) 
TGA curve of a Pb4S3Br2 NCs sample, showing the three distinct weight 
losses that the material undergoes upon heating. b) Rietveld fit of the 
product of the first mass loss (≈350°C), demonstrating that what is left 
after this step is a mixture of PbS and Pb7S2Br10. c) Rietveld fit of the 
XRPD pattern for product of the second mass loss (≈600°C), demon-
strating that only PbS is left. 

XRPD patterns were acquired before the analysis and after the 
first two mass loss steps, demonstrating that the sample first 
decomposed to a mixture of Pb7S2Br10 and PbS (Figure 2b), then 
further degraded to pure PbS (Figure 2c). The first step was found 
to be heavily sample-dependent in terms of mass loss, and occurred 
in a temperature range (up to 250°C in Figure 2a) that was 
compatible with the desorption of organic molecules (solvent and 
ligands, see SI section S.g).47 Concomitantly with this organic mass 
loss, the inorganic fraction recrystallized into a mixture of Pb7S2Br10 
and PbS. The second mass loss (up to 500°C), instead, occurred due 
to the loss of PbBr2, which is known to be a rather volatile compound 
in its molecular form.48,49 This is consistent with the fact that the only 
product left after the second mass loss was PbS (Figure 2c). Hence, 
in this second step, the following decomposition reaction took place: 

Pb7S2Br10(s) → 2 PbS(s) + 5 PbBr2(g) 

We exploited the results from TGA and XRPD to calculate the 
initial composition of our material, and obtained elemental ratios for 
Pb:S:Br equal to 44.5:33.5:22.1 (based on 4 TGA analyses on four 
different NC samples, see Table S7 ). These ratios are in excellent 
agreement with the XPS measurements and with the proposed 
Pb4S3Br2 stoichiometry (see SI section S.g, Figures S13-S15 and 
Table S7 for details). Finally, the third mass loss (Figure 2a) is 
compatible with the decomposition of PbS and sublimation of S.50 

We inspected some individual NCs via high resolution high angle 
annular dark field STEM (HAADF-STEM) imaging (Figure 4a). 
The NCs proved to be single-crystalline and homogeneous, with no 
evident differences between the core and the surface regions. 
Neither the STEM images nor their corresponding Fourier 
transforms (FT)s could be matched with known phases, reinforcing 
the idea that our NCs had a structure that was unknown to date. 
During the analysis, some degree of electron beam damage was 
observed upon scanning: the outer surface of the NCs amorphized. 
Furthermore, several high contrast crystalline particles (~5 nm), 
which were identified as Pb and PbS, based on their crystal structure, 
were formed (Figure S16). The nucleation and growth of metallic 
Pb clusters upon beam-induced halide sublimation is not surprising, 
as it has been observed before when investigating lead halide 
perovskite NCs.51,52 On the other hand, the presence of PbS is 
consistent with our observations on the decomposition of this 
metastable material through the TGA-XRPD analysis discussed 
earlier. 

In order to gain insight on this new crystal structure, we per-
formed 3D-ED experiments on the largest polyhedral NCs that we 
could synthesize (∼30 nm, Figure 3a-d). We identified an ortho-
rhombic cell with parameters a = 8.2(2) Å, b = 14.6(3) Å, c = 8.1(2) 
Å. Unfortunately, our experimental setting cannot collect precession 
data from NCs smaller than 50 nm, therefore we could not directly 
acquire robust information about the symmetry and the atomic po-
sitions.53 Precession 3D-ED data could instead be obtained from the 
nanoplatelets (Figure S17) that were found as byproducts in the 
same batch, and these delivered slightly different cell parameters a = 
8.0(2) Å, b = 15.5(3) Å, c = 7.9(2) Å. The crystallographic c axis was 
found to be always parallel to the main direction of growth of the 
platelets, while the b axis was orthogonal to the main platelet facet. 
The space group was unambiguously determined as Pnma (#62) via 
systematic extinctions analysis, and the structure could be reliably 
solved ab initio on the base of 3D-ED data (Table S8). Assuming the 
same space group for the spherical NCs, a tentative yet comparable 
ab initio structure was also obtained with non-precessed data col-
lected from the spherical NCs, suggesting a very close structural re-
semblance between the two types of NC morphologies (namely, the 
roughly spherical NCs and the nanoplatelets, Figure S18). Conse-
quently, we assumed as a first description of the NCs structure a hy-
brid cell, featuring the unit cell parameters of the spherical NC and 
the atomic coordinates of the nanoplatelets (Figure 4c). 

 



 

 

Figure 3. 3D-ED and 3D-FT on Pb4S3Br2 NCs. a) TEM image of the Pb4S3Br2 NCs investigated via 3D-ED and b-d) electron diffraction patterns of 
a NC oriented along different zone axes. e) 3D electron tomography reconstruction of one spherical Pb4S3Br2 NC and f-h) the corresponding 3D-FT 
projected along different zone axes (before application of the mask, see details in the text). 

In the attempt to confirm the structural model obtained from the 
3D-ED data, we acquired the direct-space atomic resolution 3D 
tomography of a single ≈16 nm spherical NC. Upon the acquisition 
of the first HAADF-STEM images, we again observed immediate 
electron beam damage and amorphization at the outer atomic layers 
of the NC. However, during the rest of the experiment the damage 
did not progress further, and consequently the inner part of the 3D 
reconstruction could be used for further analyses (Figure 3e and 
S19, Movie_S1). We did not succeed in extracting the atomic 
coordinates from the tomography data, due to the high structural 
complexity and most likely also due to the beam damage. However, 
we could compute its 3D-Fourier transform (3D-FT, Figure 3b), 
which produced a 3D map of the NC reciprocal space which is 
comparable to that obtained by 3D-ED (Figure 3f-h). The data were 
cleaned from noise and interferences by applying a mask built on the 
base of the proposed unit cell (Figures 4b and S20, Movies_S2 and 
S3), which correctly fitted the data and allowed us to extract an 
orthorhombic cell with lattice parameters a = 8.3 Å,  b = 15,1 Å, c = 
8.2 Å, in close agreement with that from the 3D-ED. 

Hence, by combining data from 3D-ED and 3D-FT we could 
confirm the unit cell of the spherical NCs. In order to check the 
atomic coordinates as well, we attempted an independent ab initio 
structure solution from X-Ray powder diffraction data (XRPD) 
using the software EXPO2014.35 The first and most critical step of 
the XRPD-based structural solution, especially in the case of 
nanomaterials, is the indexing process. The broad and largely 
overlapped peaks characteristic of NC XRPD prevented the 
indexing procedure from identifying the cell parameters with high 

confidence and by a default run (see SI).54 For the same reason, the 
automatic space group determination failed due to the unavoidable 
errors on the integrated intensities. The selection of the unit cell was 
therefore guided by the information provided by the analysis of 3D-
ED, and the space group Pnma was considered for carrying out the 
ab initio structure solution. At the end of the solution process, the 
structural model determined on NCs by XRPD (SI section S.k, 
Figure S21 and Table S9) was found to be very similar to the one 
determined by 3D-ED. The two structures are characterized by a 
root mean square deviation (RMSD) equal to 0.534 Ǻ, where 
RMSD=sqrt(i di

2/Nau), i.e., the square root of the averaged squared 
distances between couples of corresponding atoms in the two 
compared models, with Nau the number of atoms in the asymmetric 
unit (Figure S22). The unit cell parameters refined from XRPD by 
EXPO2014 (a = 8.22592 Ǻ, b = 14.70843 Ǻ, c = 8.13988 Ǻ) were in 
good agreement with the ones of 3D-ED procedure as well. In order 
to further confirm the equivalence of models obtained 
independently by 3D-ED and XRPD, we relied on DFT calculations 
to relax both structures, by minimizing the interatomic forces. We 
kept the cell parameters fixed to the more precise values extracted 
from the XRPD data. The two structures relaxed to the same model: 
this confirmed that they are equivalent, and, since they came from 
independent datasets and techniques, we consider this agreement a 
good proof of their reliability (Figure 4c, see also Figure S23). It is 
also worth noting that the 3D-ED derived model was the one closer 
to the relaxed structure.   

 



 

 

Figure 4. HAADF-STEM and 3D-FT of NCs; 3D-ED and XRPD structural models for Pb4S3Br2. a) Atomic resolution images of Pb4S3Br2 NCs 
evidencing their single-crystalline nature. Insets: corresponding FT. b) Two projections of the calculated 3D-FT, oriented so that the reciprocal cell 
base vectors are clearly recognizable. c) The models obtained from 3D-ED and from XRPD converge to the same structure upon DFT relaxation. d) 
The Pb4S3Br2 NCs crystal structure as obtained at the end of the workflow described in the main text, together with e) the coordination polyhedra for 
the three non-equivalent lead crystallographic sites. f) Rietveld refinement of the XRPD pattern based on the structure shown in panel d.

The structure we propose for Pb4S3Br2 at the end of this multiple-
technique workflow (Figures 4d-e, see also Figure S26b) is ortho-
rhombic, it belongs to the Pnma (#62) space group, and has unit cell 
parameters a = 8.226 Å, b = 14.708 Å, c = 8.140 Å. Lead atoms are 
involved in three different coordination environments. Every lead 
atom is octa-coordinated, with two Pb sites surrounded by 4 S + 4 Br 
and one Pb site surrounded by 6 S + 2 Br. Sulfur is found in two non-
equivalent crystallographic sites, both with a distorted octahedral 
coordination (as found in PbS), while bromine occupies an epta-co-
ordinated pentagonal bipyramidal site. We want to point out that the 
unit cell parameters were independently confirmed by three differ-
ent techniques (3D-ED, XRPD, atomic resolution electron tomog-
raphy) and are most likely correct. The Rietveld refinement of the 

structure based on the XRPD pattern confirmed the values (a = 
8.202 Å, b = 14.707 Å, c = 8.165 Å, Figure 4f, SI section S.n, Figure 
S27), and had a minor impact on the atomic coordinates almost un-
changed as well. The residual curve however highlights some minor 
discrepancies, probably arising from a combination of factors, such 
as the struggle of the Rietveld method to correctly fit the many broad 
overlapping reflections and the presence of strain or distortions.  

There are striking similarities between the Pb4S3Br2 phase we pro-
pose for our NCs and the recently discovered Pb4S3I2, which was ob-
tained at high pressures and temperatures (4 GPa, 600°C) in the 
form of bulk crystals.21 Both phases have the same Pb4S3X2 stoichi-
ometry, crystallize in the same space group and have an equivalent 
atomic layout (Figure S26). For example, in both structures the Pb 



 

atoms form layers along the b axis, while the anions are alternated in 
sulfur-only and mixed sulfur-bromine layers.18 These evidences con-
firm that we have discovered a structural variation in a yet underex-
plored family of compounds: our hypothesis is that Pb4S3Br2 is a ki-
netically-trapped high-pressure metastable structure as well. First, 
the reader should be reminded that the room pressure pseudo-bi-
nary phase diagram PbS-PbBr2 contemplates only PbS, PbBr2 and 
Pb7S2Br10 as stable phases.16 This is consistent with what we observed 
in our TGA-XRPD experiments: thermally annealing the NCs at 
temperatures above 250°C causes their transition into a mixture of 
the thermodynamically stable PbS and Pb7S2Br10 phases. Second, if 
compared to the published Pb4S3I2 model the Pb4S3Br2 structure ap-
pears to be contracted along the b axis (- 5.5 %), while the a and c 
axes retain basically the same length (a = +1.2; c = -0.5 %), suggest-
ing some sort of anisotropic structural relaxation. Furthermore, the 
hypothesis of Pb4S3Br2 being itself a metastable high-pressure phase 
is consistent with the morphology-dependent structural relaxation 
that we observed in our samples. We discussed above that NCs and 
nanoplatelets feature closely related structures, distinguished only 
by the length of the b parameter and by a minor rearrangement of 
the atomic positions.  

To gain insight on this peculiar behavior, we again relaxed our 3D-
ED and XRPD structural models by DFT calculations, this time let-
ting the unit cell parameters a, b, and c free to vary. Remarkably, both 
models converged to a structure that was close to that obtained ab 
initio from 3D-ED data for the nanoplatelets, especially in terms of 
unit cell parameters (3D-ED a = 8.0 Å, b = 15.5 Å, c = 7.9 Å; DFT a 
= 8.14 Å, b = 15.42 Å,  c= 8.08 Å, Figure S24). This suggests that the 
latter represents the relaxed form of the otherwise kinetically 
trapped high-pressure phase found in the spherical NCs. It is worth 
noting that the b axis, which is the one varying the most from nano-
platelets to NCs, is perpendicular to the nanoplatelets surface, a pos-
sible indication that the relaxation prevents the accretion of the crys-
tal in the relaxed direction, while at the same time allowing the lateral 
growth (along the a and c directions). The different cell parameters 
observed for the two nanoparticle morphologies, and the impossibil-
ity of growing pseudospherical NCs larger than ∼30 nm in diameter, 
suggests a critical size transition in cell parameters. We hypothesize 
therefore that a sort of high-pressure phase is possible only for the 
smaller NCs, most likely as a result of an overall energy balance in 
which the surface energy term plays an important role.  

Optoelectronic properties. Pb4S3Br2 NCs feature a strong ab-
sorption in the visible, starting from an intermediate region between 
that of the white wide-bandgap lead bromide (≈4 eV in bulk)55 and 
of the black small-bandgap lead sulphide (0.59 eV for 10 nm NCs, 
0.41 eV in bulk).56,57 The absorption decreases towards lower ener-
gies and becomes negligible after ≈ 650 nm (1.91 eV), causing the 
material to appear red in a concentrated solution (Figure 1b). Inter-
estingly, we observed that the absorption spectrum remains un-
changed while varying the size of NCs in our tunability range (7 – 16 
nm), thus suggesting that quantum confinement effects are negligi-
ble for Pb4S3Br2 (Figure S3). Also, no photoluminescence was de-
tected in the range 500 – 1700 nm. The observed spectral features 
are consistent with that predicted by computing the band structure: 
calculations were performed at the DFT/PBE level of theory, which 
included spin−orbit coupling (SOC), on both the cell-relaxed and 

the cell-fixed structures (respectively corresponding to the spherical 
Pb4S3Br2 NCs and nanoplatelets). Noteworthily, the results of the 
simulations do not change drastically, as in both cases an indirect 
band gap of ≈1.5 eV is predicted (Figures 5a, see also Figure S23). 
However, the PBE functional is known to underestimate the 
bandgap for extended systems, due to a strongly localized hole.58 In 
this case, the spin-free bandgap value for lead sulfide systems is a bet-
ter approximation to the experimental bandgap as a consequence of 
error cancellation.59 For comparison, we thus computed the 
bandgap without SOC (Figure S23), which lies at 1.98 eV, closer to 
the absorption onset of 1.91 eV (650 nm) estimated from the exper-
imental spectrum. The density of states calculation highlights that 
the two elements, Pb and S, mainly contribute to the band-edge 
states, while the Br-related states are mainly located deeper below 
the valence band edge (Figure 5b). 

 

Figure 5. Pb4S3Br2 NCs band structure. The band structure was cal-
culated at DFT/PBE+SOC level of theory on the model shown in Fig-
ure 4d. The band structure features an indirect bandgap. The density of 
states diagram shows that the elements mostly contributing to the band-
edge states are S for the valence and Pb for the conduction band, while 
Br-related states fall deeper in the valence band.  

Stability, ligand exchange and testing of Pb4S3Br2 NCs in de-
vices. The electronic structure of this material, together with its 
chemical affinity with the optically active lead-bromide perovskites 
and lead chalcogenides, suggest a potential exploitation of Pb4S3Br2 
NCs as an active layer in photosensitive devices. In the perspective 
of applications, we performed basic temporal stability tests. NCs 
were stored at room temperature in the dark both as a diluted colloi-
dal suspension in toluene and as dry powder. The absorption spectra 
and XRPD patterns were compared with that of the fresh samples 
after two months, and no difference was found (Figure S28). En-
couraged by these results, we fabricated both photodetector and so-
lar cell test devices. The Pb4S3Br2 NCs for the devices fabrication 
were prepared by quenching the reaction at 170°C, centrifuging at 
6000 rpm for 5 min, discarding the precipitate and then recovering 
the NCs in the supernatant via ethyl-acetate assisted precipitation, 
which also partially washed the excess of organics from the synthesis.  



 

 

Figure 6. Pb4S3Br2 photoconductor and solar cell characterization. a) Section of the Pb4S3Br2 NC film on a photodetector (SEM). b) Optical 
microscope image of the photodetector with interdigitated electrodes. c) Current response during light on/light off cycles of a device with interdigitated 
electrodes. d) SEM image of a solar cell stack cross-section. e) Energy level alignment in the stack (Pb4S3Br2 values measured by UPS; ITO, AZO, 
MoOx and Au values from the literature, see refs. [46,60–63] respectively). f) Current-voltage curve under AM1.5G illumination for a solar cell with the 
stack shown in panel c. Inset: photo of a representative sample.

Prior to the device fabrication, we tested two ligand exchange pro-
cedures directly on NCs films, in order to replace the long molecules 
on the NC surface with shorter ligands and thus improve the film 
conductivity (additional details can be found in the experimental 
section). In the FTIR spectrum of the as-prepared NCs (Figure S35, 
top spectrum) one can observe main bands located at 
2953/2924/2853 cm-1 together with features at 1466/1412 cm-1 
which corresponds respectively to the CH3 and CH2 stretching and 
CH2 bending of the alkyl chains from oleic acid and/or oleylamine. 

26,64 Moreover, the appearance of a band at 1520 cm-1 corresponding 
to the C=O stretching confirms the presence of Pb-bound oleate at 
the NC surface.64 A broad band at 2040 cm-1 (S=C=N stretching) 
and features at 1312/1266 cm-1 (C-N stretching), which can be at-
tributed to SCN- and to oleylamine attached at the NC surface re-
spectively, were present as well.26,65 Hence, we concluded that the 
surface passivation of the as-synthesized NCs comprises various lig-
and molecules. However, after ligand exchange using NH4SCN or 
EMII all the long-chain ligands coming from the synthesis were re-
moved, as indicated by the disappearance of the corresponding 
FTIR bands (Figure S35, middle and bottom spectra) and con-
firmed by XPS analysis, where the peaks related to carbon and oxy-
gen were absent after the exchange (Figure S31). 

We tested the response of Pb4S3Br2 NCs in a photoconductor de-
vice fabricated by layer-by-layer spin-coating the NC dispersion 
onto Si/SiO2 substrates with pre-patterned interdigitated electrodes 
(Figure 6a-b). The layer-by-layer deposition, followed by ligand ex-

change with thiocyanate (using NH4SCN as a SCN– source) was re-
peated 4 times to produce a compact film (thickness ~90 nm, Figure 
6a). When measured in the dark, the devices produced low current 
(< pA at 20 V). Then, under white light (400-750 nm, 100 
mW/cm2), the device immediately responded, with a current of ~10 
nA, as shown in Figure 6c. 

The responsivity R = Iphoto/Popt (Iphoto = photocurrent, Popt = optical 
power on the device) was measured on 4 different devices to be R = 
4±1 mA/W (best device 5 mA/W), The detectivity was (3±1)×108 
Jones, estimated from the noise power density spectrum of a time 
trace acquired in the dark (Figure S30).66 We also evaluated the nor-
malized photocurrent to dark current ratio NPDR = R/Idark (Idark = 
dark current), a suitable figure of merit in the case of devices with 
very low dark current.67 In our case, we measured NPDR = (8.5 ± 
2.8)×105 mW-1. For the solar cell tests, we prepared a layered stack 
on ITO/glass substrate comprising AZO (as electron transport layer 
– ETL), the photoactive Pb4S3Br2 NCs layer, MoOx as buffer layer, 
and Au as top contact (Figure 6d). In order to make the Pb4S3Br2 
NCs layer conductive, a -ligand exchange was performed with iodine 
(using EMII as a I– source), as described earlier. The suitability of 
the energy level alignment resulting from the ligand exchange in the 
layered stack was verified by UPS measurements see Figure 6e and 
SI section S.q, Figures S32 and S33, for further details regarding to 
XPS and UPS analyses). With this configuration, the non-encapsu-
lated best solar cell showed a PCE of 0.21±0.02%% (average from 4 
different devices), Jsc = 1.2 mA cm-2 (1.09 ± 0.07 mA/cm2) and Voc = 
0.57 V (0.58 ± 0.03 V) under a standard AM1.5G illumination in air 



 

(Figure 6f). The solar cells demonstrated a good long-term stability 
under ambient atmosphere, retaining 60% of the PCE after more 
than 2 months of storage (Figure S29). The performance showed by 
our devices (R = 4 ± 1 mA/W or PCE = 0.22 %), in comparison with 

state-of-the-art for NCs based devices, is not reaching the common 
figures of merit of responsivity or PCE. Responsivity in photocon-
ductors built with lead-halide perovskites exceeds 106 A/W, and 
even early results with CdX (X = S, Se, Te) reached 200 mA/W (see, 
e.g., refs.68–70).

 

Figure 7. Characterization of Pb4S3I2 and Pb3S2Cl2 NCs. TEM images of a) Pb4S3I2 and b) Pb3S2Cl2 NCs. c) XRPD patterns of the three NC samples 
(Pb4S3I2, Pb4S3Br2, Pb3S2Cl2) and related Rietveld fits (Tables S3, S4 and S9). The red asterisks in the Pb4S3I2 pattern highlights the peaks coming from 
an impurity, most likely PbI2 nanosheets or flakes. d) Optical absorption spectra of the three samples. The almost perfect overlap suggests that, despite 
the different composition, stoichiometry and structure, the halides play a very minor role in the optical properties of this class of nanomaterials. The 
only appreciable trend is visible at the onset of the spectrum (inset). 

We compared the NPDR of our photodetectors with that of 
metal/semiconductor/metal devices, and found that our system 
performs well in comparison, e.g., with semiconductor/CNT71 or 
semiconductor/graphene72 systems, typically featuring values of 
~104 mW-1, or nanostructured silicon73 (~104 mW-1), and is compa-
rable with nanomembrane-enhanced Ge detectors74; our configura-
tion offers nonetheless a simpler fabrication protocol. We could 
reach these results thanks to the very low dark current, which also 
suggests that these devices can operate with low power consump-
tion. Instead, regarding the performance of solar cell and comparing 
it with systems absorbing in the visible range, the PCE obtained is far 
from the results achieved with or CsPbI3 (13.4%)75, or CdTe 
quantum dot (11.6%).76 Considering the results from the photocon-
ductor and solar cell, we could envision for our material a role in 
multi-layer stacks operating as charge transport layer with some ad-
ditional photogeneration62,63 rather than as the main active layer,  

whose band alignment can be favorably tuned by surface chemistry 
(SI section S.q). In fact, our material reaches a responsivity compa-
rable to polymers (0.2-0.7 mA/W),54 which are commonly used as 
charge transport layers. 

Preliminary investigation of Iodide and Chloride-based NCs. 
Driven by the strong analogy between the structure of our NCs and 
that of the reported high-pressure phase Pb4S3I2, we tried to prepare 
NCs of other chalcohalides by using PbI2 and PCl2 in place of PbBr2 
as halide precursors in the synthesis: in both attempts we obtained 
colloidal nanoparticles. In the case of Pb4S3I2, the NCs were larger 
than for the Pb4S3Br2 case discussed above (up to hundreds of nm, 
and polydisperse), and had the shape of elongated prisms or rods 
(Figure 7a, see also Figure S7). The color was slightly different from 
that of Pb4S3Br2, tending to brown, most probably due to the scatter-
ing caused by the large size of obtained NCs. We confirmed the crys-
tal structure by Rietveld fitting the XRPD pattern on the base of the 
structure published by Ni et. al.,21 discovering at the same time the 
presence of an byproduct identified by some residual peaks (Figure 
7c, top pattern), which we suspect to be PbI2 nanosheets or flakes on 
the base of the match with published XRDP data (see also Figure 
S8).77,78 We take the remarkable resemblances between the XRPD 
patterns of Pb4S3I2 and Pb4S3Br2 as an additional proof of the close 
similarity of the two structures. 

The chlorine based NCs we prepared were instead smaller than 
the Pb4S3Br2 NCs prepared under comparable conditions (7.0 ± 0.8 



  

nm when quenched at 170°C), but they featured a very similar shape 
(roughly spherical, Figure 7b and Figure S9a). The synthesis often 
produced PbS NCs as a byproduct, which could however be re-
moved by simple centrifugation due to their larger size (see Figure 
S9b). The color of the purified product was almost identical to that 
of Pb4S3Br2 NCs. Thus, we were surprised to discover that the XRPD 
pattern of the two phases, namely, the Cl-based NCs (Figure 7c, 
green pattern) and the Pb4S3Br2 NCs (Figure 7c, blue pattern) were 
remarkably different. A close match with the XRPD lines reported in 
1969 by Rabenau et. al. for the tentative “2PbS + PbCl2” phase first 
made us suspect that we had obtained the same compound.16 By XPS 
compositional analysis we measured Pb:S:Cl ratios corresponding 
to 42.5:23.9:33.6, which are consistent with the proposed Pb3S2Cl2 
stoichiometry (Pb:S:Cl = 42.9:28.6:28.6) if measurement errors and 
crystal termination effects are considered. Driven by this finding, we 
searched the literature for comparable structures and found that Ni 
et. al. recently reported the bulk synthesis (4 GPa, 700°C) and com-
plete structural characterization of the high-pressure phase 
Pb3Se2Br2.20 Given the resemblances of stoichiometries and XRPD 
patterns, our hypothesis was that we had found an isostructural com-
pound: to confirm it, we Rietveld fitted the XRPD pattern of 
Pb3S2Cl2 NC with a model adapted from that published by Ni et. al. 
by replacing Se with S and Br with Cl, and we found a good match 
(Figure S10). The slight misplacement of the peaks is probably due 
to a slight deformation of the originally cubic unit cell, but the exces-
sive broadening of the reflections due to the small size of NCs pre-
vented us from gaining a better insight of the material structure. We 
plan to investigate this aspect in further, more focused studies. We 
found it remarkable that atoms in Pb3S2Cl2 show the same coordina-
tion environment found in the other two isostructural materials we 
reported (Pb = octacoordinated, Cl,S = deformed octahedral) sug-
gesting that the structural variety in this class of lead chalcohalides 
may arise mainly from a different arrangement of the fundamental 
structural unities (Figure S26). 

Surprisingly, despite the major compositional and structural dif-
ferences between the three stoichiometries, their absorption spectra 
are almost identical. The only appreciable trend regards the onset of 
the spectra, which exhibits a weak redshift in going from the chloride 
to the bromide and then to the iodide based NCs, suggesting a 
slightly variable bandgap. Another key element to understand the 
electronic properties of this class of materials is, as we already men-
tioned, the absence of size-dependency in the optical spectra of 
Pb4S3Br2 NCs. The same is likely true also for Pb4S3I2 and Pb3Cl2Cl2, 
as the remarkable overlap of the three spectra would be an astonish-
ing coincidence otherwise. Finally, we observed that the contribu-
tion of the halide to the band-edges states of Pb4S3Br2 is negligible 
(Figure 5b). A very similar trend was predicted, through DFT calcu-
lations, also for Pb4S3I2 and Pb3S2Cl2 (Figure S34). The calculations 
additionally confirmed the halide-dependent shift of the bandgap 
(Pb3S2Cl2 = 2.02 eV, Pb4S3Br2 = 1.98 eV, Pb4S3I2 = 1.76 eV), indirect 
for all of them, which is in good agreement with the experiments. 
Considering all these observations, our conclusion is that the optical 
properties of these materials are probably dominated by localized 
Pb-S interactions. The main effect of the halides is to cause this lo-
calization: PbS has an exciton Bohr radius of 18 nm, and most of our 
NCs are well below this size threshold.79,80 The mild, halide-depend-
ent shift in the absorption onset is probably due to the local altera-
tion of the electron density surrounding the lead atoms.  

As a conclusion, we want to highlight that the formation of these 
lead chalcohalide phases must be taken into account when 
performing the synthesis of PbS NCs, as they often exploit lead 
halide salts as precursors and are normally conducted under 
conditions similar to that we reported.81,82 Furthermore, recent work 
has demonstrated that PbS NCs synthesized from PbCl2 have a 
PbCl2 rich surface, leading to improved photoluminescence 
quantum yield and chemical stability, which might be related to the 
passivation by a layer of the hereby reported Pb3S2Cl2 phase.83–85 
This hypothesis may stimulate further studies aiming at a more 
detailed characterization of those systems. 

 

CONCLUSIONS 

In conclusion, we have reported the synthesis of colloidal NCs of 
a previously unknown, metastable phase belonging to the PbS-PbBr2 
system, namely Pb4S3Br2. Our synthetic protocol delivers NCs with 
a narrow size distribution and size tunability over the range 7 – ∼30 
nm. We were able to solve its structure by a combination of 3D 
electron diffraction, high resolution HAADF-STEM tomography 
and powder XRD diffraction, demonstrating that Pb4S3Br2 is a 
metastable structural analogue of the recently reported high-
pressure Pb4S3I2 phase. Our material is an indirect 1.98 eV bandgap 
semiconductor and exhibits photo-response and photo-harvesting 
capabilities, which were tested in a photodetector and a solar cell.  
Finally, we applied the same synthetic protocol to prepare NCs of 
the high-pressure Pb4S3I2 phase and of a new Pb3S3Cl2 chalcohalide 
phases. Both are indirect bandgap semiconductors (1.76 and 2.02 
eV respectively). We expect that the discovery of these new lead 
chalcohalide NCs will encourage the exploration of other metal 
chalcohalides, a group of materials that to date has been vastly 
untapped at the nanoscale. 
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Support Material 

a) Direct synthesis of Pb4S3Br2 NCs 

The Pb4S3Br2 nanocrystals (NCs) used in this work have been synthesized via a modification of 

the heat-up method previously published by our group.1 In a standard synthesis, 0.2 mmol of PbBr2 and 

0.2 mmol of Pb(SCN)2 were dissolved in a mixture of 10 mL ODE and 250 μL of OLAM and OA at 

110°C in a 25 mL three-necked flask. This temperature was not exceeded during the solubilization, to 

avoid triggering the thermal decomposition of SCN- ions. Once the two solids were completely dissolved 

the solution appeared clear and pale-yellow. At that point, the flask was lifted from the heating-mantle, 

which was overheated to an inner temperature of 250°C to grant the fast increase of temperature required 

for the synthesis. The flask, till that point kept at ≈110°C by hovering it at the rim of the mantle, was 

again inserted and as a result the solution quickly heated up (≈ 20°C / min), consequently turning from 

light-yellow to bloody red above 150°C. As reported in our previous paper, the following reaction is 

taking place:1 

2 SCN– + 3O2 → S2– + SO2 + 2 CO2 + N2 

As a consequence, S2- becomes suddenly available in the reaction system and co-precipitates with Pb2+ 

and Br – forming the reported Pb4S3Br2 phase. 

 

Figure S1. Timeline of the reaction for the synthesis of Pb4S3Br2 NCs by direct observation of aliquots collecting during 
the synthesis.  Many aliquots of the reaction batch were taken using a syringe and immediately quenched by immersing the 
vial in a water bath. The quenching temperature increases from left to right, as reported in °C on each vial.  
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Figure S2. Timeline of the reaction for the synthesis of Pb4S3Br2 NCs by TEM. The samples shown here come from the 
series in Figure S1. The quenching temperature increases from left to right and from top to bottom: 150 – 160 – 165 – 170 – 
180 – 190°C. 

 

Table S1. Timeline of the reaction by TEM. Table summarizing the size and size dispersion of Pb4S3Br2 NCs obtained by 
quenching the reaction at different temperatures, together with the time elapsed between the start of sample heating and the 
quenching. 

Quenching Temperature 

(°C) 

Time after heating started 

(s) 

Size ± distribution FWHM 

(nm) 

120 0 no particles 

130 28 no particles 

140 50 no particles 

150 75 no particles 

155 88 not measured 

160 102 7.8 ± 0.63 

165 117 9.46 ± 0.44 

170 148 11.54 ± 0.41 

180 166 15.33 ± 0.59 

190 182 15.99 ± 1.25 
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Figure S3. Timeline of the reaction for the synthesis of Pb4S3Br2 NCs by optical absorption. Absorption spectra of the 
aliquots shown in Figure S1. The spectra were not normalized to give additional information on how the absorbance increases 
while the NCs nucleate and grow. All the samples were prepared by diluting 50 μL of the crude reaction batch in 900 μL of 
toluene inside a 10 mm-path cuvette. The spectra collected from 175 – 180 – 190°C aliquots show the characteristic effect of 
scattering, since particles grew too large to form a stable colloidal suspension in toluene once the samples cooled to room 
temperature and were diluted. 

 

Figure S4. Pb4S3Br2 NCs by absorption. Absorption spectrum of Pb4S3Br2 NCs extended into the infrared region, demon-
strating no absorption beyond ∼650 nm. 
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b) Further accretion of Pb4S3Br2 NCs 

Large-size Pb4S3Br2 NCs were needed to attempt an ab initio NC structure solution via single 

particle 3D-ED. A batch of NCs was synthesized according to the reported procedure, and the growth was 

quenched at 170°C. The particles were not recovered from the reaction batch; instead, the flask was re-

heated to 170°C and kept stirring at this constant temperature. In a separated flask, 0.6 mmol of PbBr2 

and 0.6 mmol of Pb(SCN)2 were dissolved in 30 mL of ODE, 750 μL OLAM and 750 μL OA (3× standard 

synthesis). The procedure was stopped before the heat-up step. Instead, the liquid was filtered with a 0.2 

μm PTFE syringe filter and slowly added dropwise to the hot batch of NCs at a rate of 5 mL/h with a 

syringe pump. This procedure ensured a steady growth of the pre-existing NCs. In our experiment, the 

NCs grew from an original 13.1 ± 0.48 nm size (batch already hot and stable at 170°C, no further addition) 

to a final 27.1 ± 1.90 nm size (after 30 mL, 6 h addition). 

 

Figure S5. Pb4S3Br2 accretion. Pb4S3Br2 NCs at various stages of the accretion. From left to right: starting NCs originally 
quenched at 170°C; NCs after an addition of 7.5 mL; 22.5 mL; 30 mL of the accretion precursor solution.  

 

 

Figure S6. Different Pb4S3Br2 morphologies. TEM image showing both the accreted Pb4S3Br2 NCs and the Pb4S3Br2 nano-
platelets which formed as a side-product during the accretion process. 
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The compositions of both pseudospherical and platelet-shaped NCs were measured via TEM-EDX 

and were found in good agreement with each other, suggesting that NCs and nanoplatelets share the same 

stoichiometry. When comparing the two measurements, one must take into account that the two morphol-

ogies will be differently affected by the surface termination and preferential growth effects, thus making 

it unlikely that the overall elemental compositions will be identical for the two different NC morphologies.   

Table S2. TEM-EDX on NCs and platelets. Compositional analysis by TEM-EXD for the pseudospherical and platelet-
shaped NCs.  

 Pb 

(at. %) 

S 

(at. %) 

Br 

(at. %) 

Pb4S3Br2 NCs 45.76 ± 8.85 28.89 ± 0.64 25.37 ± 1.63 

Pb4S3Br2 nanoplatelets 38.61 ± 8.36  35.20 ± 0.77 26.19 ± 1.80 
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c) Direct synthesis and structural characterization of Pb4S3I2 NCs 

Conditions similar to those described in paragraph S1.a where applied for the synthesis of Pb4S3I2 

NCs: 0.2 mmol of PbI2 and 0.2 mmol of Pb(SCN)2 where dissolved in a mixture of 10 mL ODE and 250 

μL of OLAM and OA at 110°C in a 25 mL three-necked flask. The rest of the procedure remained 

unchanged. It is noteworthy that the dissolution of PbI2 was faster than that of PbBr2 and led to an intensely 

colored yellow solution. NCs formed upon heating up were generally larger than those of Pb4S3Br2 (if 

compared at the same quench temperature, e.g. 180°C) and following the centrifugation they were 

completely recovered, leaving an almost colorless precipitate. The heat-up process causes the NCs to 

form, even if with the presence of a crystalline impurity which we identified as PbI2 nanosheets or flakes 

based on reports in the literature.2,3 

 
Figure S7. Pb4S3I2 NCs. Two of the morphologies obtained for Pb4S3I2 nanostructures. Even if the shape and size control was 
poor, the Pb4S3I2 NCs appeared to grow in more anisotropic shapes and to reach larger sizes compared to the Pb4S3Br2 NCs.  

 

 
Figure S8. Pb4S3I2 XRPD. Rietveld fit of the Pb4S3I2 NCs XRPD pattern based on the structural model published by Ni et. 
al.4 The good fit of the overall profile confirms that we obtained the expected phase, but evidences the presence of a crystalline 
impurity in non-negligible amounts, clearly indicated by the peaks found in the residual profile. A good match with the pattern 
of PbI2 flakes is observed.3 
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Table S3. Pb4S3I2 Rietveld fit. Outcome of the Rietveld fit based on the Pb4S3I2 structural model published by Ni et. al.4 

Space group Pnma (no. 62) 

Unit cell parameters a (Å) b (Å) c (Å) 

8.169 15.648 8.201 

α (°) β (°) γ (°) 

90 90 90 

Atomic coordinates x y z 

Pb 1 0.18269 0.06747 0.07378 

Pb 2 0.00957 0.250 0.31804 

Pb 3 0.34420 0.250 0.60805 

S 1 0.33767 0.11501 0.35901 

S 2 0.20698 0.25000 -0.00224 

I 1 0.00909 0.08462 0.65668 

Isotropic Thermal Factors B 

Pb 1 8.67037 

Pb 2 4.40629 

Pb 3 5.75456 

S 1 4.19821 

S 2 0 

I 1 5.34747 

Anisotropic Lorentzian size 

broadening factors 

Y00 Y20 Y22+ Y40 Y42+ Y44+ 

5.78980 0.28502 -1.87900 0.31184 -0.79490 -1.95033 

Goodness of Fit 9.9 

 
Note on the fit: the anisotropic broadening factors were included in order to take into account the aniso-

tropic shape observed in NCs under the electron microscope. The relatively high Goodness of Fit pa-

rameter (lower is better) depends mainly on the presence of the non-fitted impurity peaks. 
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d) Direct synthesis and structural characterization of Pb3S2Cl2 NCs  

Conditions similar to those described in paragraph S1.a where applied for the synthesis of Pb3S2Cl2 

NCs: 0.2 mmol of PbI2 and 0.2 mmol of Pb(SCN)2 where dissolved in a mixture of 10 mL ODE and 250 

μL of OLAM and OA at 110°C in a 25 mL three-necked flask. The dissolution of PbCl2 was slower than 

that of PbBr2 and sometimes was incomplete. Thus, we introduced an additional filtering step: we let the 

batch cool down to ∼50°C, decanted it for a few seconds and then filtered the liquid with a 0.2 μm PTFE 

syringe filter. The clear liquid was then heated up again to 110°C and the procedure continued unchanged. 

NCs formed upon heating up were generally smaller than those of Pb4S3Br2 (if compared at the same 

quench temperature, e.g. 170°C) and were recovered via ethyl-acetate assisted precipitation. One 

advantage of this approach is that we also eliminated the large PbS NCs that often formed during the 

synthesis and that were found in the precipitate.   

 

Figure S9. Pb3S2Cl2 NCs. a) Smaller Pb3S2Cl2 NCs obtained by quenching the reaction at 170°C and recovering the superna-
tant via ethyl-acetate assisted precipitation and b) rounded Pb3S2Cl2 NCs found in the precipitate and heavily contaminated by 
cubic PbS NCs (both are visible in the image).   

Differently from the case of Pb4S3I2, no ternary Pb-S-Cl phases matching with our material could be found 

in crystal structure databases (COD, ICSD). However, an unexpected help in its identification came from 

the work of Rabenau et. al. (dated 1969), in which they reported two tentative new phases, named “2PbS 

+ PbBr2” and “2PbS + PbCl2”.5 According to their report, the first phase was obtained pure in form of a 

precipitate by first dissolving PbS in concentrated HBr and subsequently diluting the solution with water. 

They measured its stoichiometry and collected the XRPD pattern but could not solve the structure. The 

second phase was obtained via a similar protocol, involving HCl instead of HBr, and produced a red 

precipitate which rapidly decomposed to form a black powder. Thus, they could not collect it pure; how-

ever, they measured the XRPD of the mixture, finding that it was mainly composed by PbS but also 

contained a residual which produced a pattern similar to that of “2PbS + PbBr2”. Hence, they hypothesized 

the existence of a “2PbS + PbCl2” phase. Sixty-one years later, Ni et. al. reported the solid-state synthesis 
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of the high-pressure chalcohalide Pb3Se2Br2 (4 GPa, 700°C), which features an equivalent stoichiometry 

and a pattern very close to that of our chlorine-based NCs6 (after proper shifting of the peaks to take into 

account the different sizes of the cells). Figure S10  compares the XRPD we measured that reported for 

“2PbS + PbCl2” and for Pb3Se2Br2, suggesting that we obtained NCs of the Pb3S2Cl2 phase that Rabenau 

et. al. hypothesized many years ago.  

 

 
Figure S10. Pb3S2Cl2 XRPD. XRPD data from Pb3S2Cl2 NCs and corresponding Rietveld fit based on the structural model 
published by Ni et.al.6 for the phase Pb3Se2Br2 The simulated XRPD pattern for the latter and the XRPD lines reported by 
Rabenau et.al for the hypothesized “2PbS + PbCl2” phase are shown for comparison. 
 
Note on the fit: only the unit cell parameters and the scale factor were refined. All the remaining param-

eters were kept as originally determined by Ni et.al. in their work.6 The overall fit match is good, but the 

residual indicates that the peaks are slightly misplaced. The cause is most likely a slight distortion from 

the original cubic symmetry. However, due to the peak broadening the information needed to address this 

deformation was lost, and we preferred to keep a pseudocubic description for the structure. We plan to 

investigate this aspect in further specific studies. 
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Table S4. Pb3S2Cl2 Rietveld fit. Outcome of the Rietveld fit on the Pb3S2Cl2 XRPD obtained by adapting the Pb3Se2Br2 
structural model published by Ni. et. al.6 

Space group Pnma (no. 62) 

Unit cell parameters a (Å) b (Å) c (Å) 

8.202 14.707 8.165 

α (°) β (°) γ (°) 

90 90 90 

Goodness of Fit 8.3 
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e) XPS analysis on the Pb4S3Br2 NCs as synthesized. 

 

Figure S11. XPS analysis on the Pb4S3Br2 NCs as synthesized. a) Wide scan, showing signals due to Pb, S, Br (from the 
inorganic core of the NCs) together with C and O ones, arising from the organic ligands and possibly also from environmental 
contaminations, which is common for on samples exposed to moist air. b-d) High resolution scans on the S 2p, Pb 4f and Br 
3d energy regions. 

 

Figure S11 reports the XPS data collected on a representative Pb4S3Br2 sample. As shown in the wide 

scan of Figure S11, the sample is characterized by the presence of Pb, S and Br, together with C and O. 

These last two elements can be attributed to the organic ligand shell surrounding the inorganic core of the 

as-synthesized NCs. However, we cannot completely exclude the additional presence of environmental 

contaminations, due to exposure of the sample to moist air before the XPS data acquisition. Figure S11b-

d show the high-resolution spectra for the main XPS lines of S, Pb and Br, respectively. The S 2p spectrum 

in Figure S11b is characterized by an intense doublet on the low binding energy side of the investigated 
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range (main component centered at 160.4 ± 0.2 eV) and by a low intensity signal in the 165 – 167 eV 

energy range. The main doublet is in a position close to that reported in literature for sulfides;7 in partic-

ular, sulfur in PbS is typically reported having the main S 2p component at 160.6 ± 0.6 eV. The low 

intensity signal, instead, is at a position that has been reported for instance for elemental S or for S bound 

to C in organic molecules,7 thus suggesting that it could be attributed to synthesis byproducts that were 

left with the sample after the washing procedure. The Pb 4f spectrum in panel (c) shows the presence of 

a single doublet, with the main component centered at 137.6 ± 0.2 eV. The position is typical of Pb(II) 

compounds, and in particular Pb in PbS is typically reported having the main Pb 4f component at 137.8 ± 

0.4 eV.7The Br 3d spectrum in Figure S11d shows the presence of a single doublet, with the main com-

ponent centered at 68.0 ± 0.2 eV.  This position is typical of bromides.7 

Similar results were obtained on all the investigated batches; the following table reports the results of the 

quantitative analysis. 

Table S5. XPS analysis on four different batches of Pb4S3Br2 NCs as synthesized.  

Batch Pb 
(at%) 

S 
(at%) 

Br 
(at%) 

1 43.30 31.70 25.00 

2 42.70 33.70 23.70 

3 40.60 32.60 26.80 

4 46.80 30.60 22.50 

     

Average 43.35 32.15 24.50 

St. dev. 2.23 1.14 1.60 

  

The reported values, together with the oxidation states obtained for Pb, S and Br, point to a Pb4S3Br2 

stoichiometry for the obtained compound (Pb:S:Br = 44.4:33.4:22.4). 

f) EDX analysis on as synthesized Pb4S3Br2 NCs. 

One of the NC suspensions used to prepare the solar cells was analyzed via SEM-EDX to measure the 

NCs composition. For the elemental analyses the Pb-L spectral line (10.551 eV) was used instead of the 

default Pb-M (2.34 eV), which overlaps with the S-K line (2.309 eV). This avoided the need for a decon-

volution and produced results in line with those obtained by XPS, in good agreement with the expected 

Pb4S3Br2 stoichiometry (Pb:S:Br = 44.4 : 33.3 : 22.2). 
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Table S6. SEM-EDX analysis on as synthesized Pb4S3Br2 NCs.  

Batch Pb 
(at%) 

S 
(at%) 

Br 
(at%) 

1 43.39 30.71 25.9 

2 43.29 30.27 26.43 

3 43.46 29.09 27.45 

4 42.44 29.29 28.27 

     

Average 43.16 29.84 27.013 

St. dev. 0.48 0.78 1.06 

 

 

Figure S12. a) Backscattered electrons image of one area of the Pb4S3Br2 NCs film prepared for the SEM-EDX elemental 
analysis, together with b) the corresponding elemental maps. c) HAADF-SEM imaging of a cluster of Pb4S3Br2 NCs, together 
with d-f) the corresponding EDX compositional maps, showing that the elements are uniformly distributed in the NCs.  
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g) TGA analysis on Pb4S3Br2 NCs. 

 

Figure S13. TGA analysis on Pb4S3Br2 NCs. Four TGA ramps measured on four different samples, together with the compo-
sition extracted from each analysis.  

 

Figure S14. TGA analysis on a non-washed sample Pb4S3Br2 NCs. TGA control experiment performed on a non-washed 
sample (therefore rich in the organic fraction) right after the synthesis. The huge mass loss in the temperature range 70 – 210 
°C is due to the evaporation of high boiling point solvent and ligands (ODE, OLAM, OLAC, Teb = 315 – 364 °C). 
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Figure S13 shows the outcome of the four TGA experiments we used to provide an estimate of the 

stoichiometry of the NCs based on a “bulk” measurement. We want to point out that the first mass loss, 

occurring in a temperature range of 110 – 300°C, represents the desorption/decomposition of the organic 

fraction in the sample (solvent, ligands) and is therefore heavily sample-dependent. For example, the 

sample in Figure S14 had not been washed, and the first mass loss accounted for a huge 87% of the total. 

The bottom left sample in figure S13 contained instead the largest particles that we were able to prepare 

(∼30 nm diameter) and had been cleaned carefully. Indeed, the first mass loss in this case accounted for 

less than 10% of the total.  

The second mass loss, combined with the XRD analyses of the sample after the first mass loss and 

after the second mass loss, carries the compositional information. The stoichiometry was measured from 

each dataset according to the following method. We first accurately determined the residual relative 

masses according to the graphical method shown in Figure S15.  

 

Figure S15. Accurate determination of the initial and final points of the mass loss step. The plateau regions before and 
after the mass loss were approximated as straight lines tangent to the plot (red lines) as well as the transition slope (green line). 
The residual relative masses before and after the weight loss were measured at the intersection points between the green and 
the red lines.  
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We know from XRPD that, after the first mass loss, the sample contains a mixture of 𝑃𝑏𝑆 and 

𝑃𝑏 𝑆 𝐵𝑟 , in an unknown molar ratio 𝑥: 𝑦, that is: 𝑥 𝑃𝑏𝑆 𝑦 𝑃𝑏 𝑆 𝐵𝑟  

Assuming that in the first mass loss only the organic fraction is removed, the stoichiometry of our 

initial NCs, in terms of 𝑥 and 𝑦, is:   𝑃𝑏 𝑆 𝐵𝑟  

In the second mass loss, 𝑃𝑏 𝑆 𝐵𝑟  decomposes to 𝑃𝑏𝑆 and 𝑃𝑏𝐵𝑟 , with the latter sublimating, as 

the only final product left is PbS. The overall sequence of the two reactions, can then be written as: 

 

𝑃𝑏 𝑆 𝐵𝑟  →  𝑥 𝑃𝑏𝑆 𝑦 𝑃𝑏 𝑆 𝐵𝑟  →   5 𝑦𝑃𝑏𝐵𝑟 ↑   𝑥 2𝑦  𝑃𝑏𝑆   

 

We determine 𝑦 by the mass loss of the second step, since only 𝑃𝑏𝐵𝑟  sublimates in this step. We 

then determine 𝑥, since we now know experimentally both 𝑦 and the total mass of 𝑃𝑏𝑆 left at the end of 

the second step. From 𝑥 and 𝑦 we then determine the stoichiometry of our initial NCs. This estimate 

was done on four separate TGA+XRD analyses, run on four different samples. The resulting stoichi-

ometries are reported in the following table. 

 

Table S7. Results of the TGA-based compositional analysis.   

Measurement Pb 
(at%) 

S 
(at%) 

Br 
(at%) 

1 43.98 31.93 24.10 

2 43.78 31.35 24.87 

3 45.41 36.23 18.36 

4 44.78 34.35 20.87 

     

Average 
44.49 

 
33.46 

 
22.05 

 

St. dev. 
0.75 

 
2.26 

 
3.01 
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h) Electron beam damage effects during high resolution HAADF-STEM image acquisition 

 

Figure S16. Beam damage during STEM images acquisition. STEM images of the Pb4S3Br2 NC together with the Pb (a-c) 
and the PbS (e-g) NCs formed because of the electron beam-induced damage. The phase of the Pb and PbS NCs was determined 
via atomic lattice distance matching with the help of the calculated Fourier transforms (insets b-d-f-h). 
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i) Ab initio structure solution from 3D-ED data 

 

Figure S17. 3D-ED on Pb4S3Br2 nanoplatelets. a) TEM image of the Pb4S3Br2 nanoplatelets investigated via 3D-ED, together 
with b) the 3D reconstruction of the reciprocal space of a nanoplatelet viewed along four main reciprocal directions, showing 
the systematic extinctions exploited for the space group determination. 

 

Figure S18. NC and nanoplatelet 3D-ED. A view along the c axis of the structural models obtained from the nanoplatelets 
(a) and from the pseudo-spherical NCs (b). The structures are shown without bonds because, due to the different interatomic 
distances, different bonds would have appeared, thus complicating the comparison. Due to the low-quality of the data collected 
on spherical NCs the atomic layout in cell b is unreliable, and the unit cell parameters only were considered. Still, a qualitative 
match can be recognized between the two structures.  
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Table	S8. Experimental data and 3D-ED structure solution parameters for Pb4S3Br2 nanoplatelets. 

Crystallographic details 
Unit cell content Pb4S3Br2 
Space group Pnma 
a, Å 8.0(2) 
b, Å 15.5(3) 
c, Å 7.9(2) 
Cell volume, Å3 980(40) 

 
3D ED data collection 

Mode Step-wise with pre-
cessing beam 

Exposure, s 1.0 
Tilt range, ° 71.0 
Tilt step, ° 
Precession angle, ° 

1.0 
1.0 

 
Ab initio structure determination in Pnnn (SIR2014) 

Data resolution, Å 0.9 
N° sampled reflections 2030 
N° independent reflections 470 
Independent reflection cov-
erage, % 

  
65 

Rsym, % 16.67 
RSIR, %	 30.58 
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j) 3D-FT of the crystal structure extracted from the atomic-resolution tomography 

 

Figure S19. High resolution electron tomography of a NC. The 3D reconstruction of a NC is visualized along three different 
directions as also seen in Movie_S1. This reconstruction was used to calculate the 3D-FT shown in Movie_S2.  
 

 

Figure S20. Masked 3D-FT. Starting from the direct-space 3D model shown in Movie_S1, we calculated the (raw) 3D-FT 
shown in Movie_S2. This data set was subsequently filtered to remove noise and interferences by applying a mask built with 
the help of the unit cell parameters measured by 3D-ED. The outcome of this procedure is shown in this figure and in 
Movie_S3.  

The direct space electron tomography reconstruction of the NCs, its raw 3D-FT and the filtered 

version of the 3D-FT are available to the reader in the form of the Movie_S1, Movie_S2 and 

Movie_S3.avi video files. 
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k) Ab initio structure solution from XRPD data 

Indexing.  

The determination of the cell parameters, the first crucial step of the ab initio structure solution, was 

carried out by EXPO2014,8 providing to the indexing program N-TREOR099 28 observed peak positions 

in the 12°-89° 2 range. Due to the large broadness of the experimental peaks and the consequently 

unavoidable low accuracy of peak positions, and in order to be able to find the correct cell among the 

possible ones, the indexing process was carried out in a non-default way by increasing the tolerance con-

cerning the errors on peak positions and the maximum allowed number of unindexed lines. In a default 

indexing run of N-TREOR09 a plausible cell is characterized by a value of the M20 de Wolff figure of 

merit10 and of the maximum number of unindexed lines (NIX) equal to or larger than 10 and not greater 

than one, respectively. In case of the NC powder diffraction pattern, the thresholds on the minimum al-

lowed value of M20 and on the maximum tolerated value of NIX were set to 6 and 3, respectively. The 

less restrictive indexing criteria unavoidably increased the number of possible cells compatible with the 

experimental data and, at the same time, enabled to include also the correct one, an orthorhombic cell  

(cell parameters a=8.157862 Ǻ,  b=14.849445 Ǻ and  c=8.124080 Ǻ), characterized by M20 and NIX 

values equal to 6 and 2, respectively. To recognize the correct cell among the set of candidate cells, the 

indexing results concerning the orthorhombic cell determined by the 3D electron diffraction study were 

taken into account. 

Space group determination.  

The space group determination process by EXPO2014 exploits the information on cell parameters, in-

tegrated intensities (extracted in the space group having the largest Laue symmetry and no extinction 

conditions, i.e., in Pmmm) and expected unit cell content, to carry out a statistical analysis on suitably 

weighted integrated intensities, in order to detect systematic absences and calculate a probability value 

associated to the different possible extinction symbols compatible with the identified crystal system11–13. 

Due to the broad and overlapping peaks in the NC powder pattern and, consequently, to the large errors 

on the integrated intensities estimates, the results of the statistical study were unreliable and prevented the 

correct identification of the space group. In case of the 3D-ED data, the greater accuracy of the integrated 

intensities enabled to detect the absence of: 

i) The class of reflections (0 k l) with k+l odd (i.e., the presence of a glide n normal to the a axis) 

ii) The class of reflections (h k 0) with h odd (i.e., the presence of a glide a normal to the c axis)  

This led to the identification of the space group Pnma. This result, derived by the investigation based on 

3D electron diffraction data, was actively used for the structure solution step by powder diffraction data. 
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Full pattern decomposition. 

EXPO2014 estimates the integrated intensities of reflections by alternating the application of the Le 

Bail algorithm14 to least-squares cycles minimizing the residual between observed and calculated profiles. 

The default profile function used to describe the peak shape is the Pearson VII. The refined variables are 

scale factor, background coefficients, 2 -zero shift, peak asymmetry, FWHM parameters, the m parame-

ter of the Pearson VII function and the unit cell parameters. Thanks to a useful property of the Le Bail 

algorithm, to improve the integrated intensities estimates EXPO2014 can fruitfully take advantage of 

some prior information15, including the expected positivity of the Patterson function16 that is particularly 

effective in case of structures with heavy atoms; for that reason, it was exploited in case of the NC powder 

diffraction pattern. 

Structure solution and structure model optimization. 

The default structure solution process by EXPO2014 is based on the application of Direct Methods (DM), 

providing 20 set of phases processed by the ALLTRIAL procedure8, that, for each set of stored phases, 

automatically performs a preliminary refinement  and  structure model optimization by a Fourier recycling 

approach17; the corresponding 20 structure models were carefully analyzed by a graphical inspection. The 

structure model showing the most plausible chemical environment of the Pb atoms (in terms of heavy-

atom coordination and interatomic distances, in agreement with the main crystallochemical rules) and the 

most plausible crystal packing (i.e., that one characterized by the absence of unreliable voids in the cell 

or implausible large density of atoms, this last usually due to the presence of false atoms in the model) 

was selected and improved via the EXPO2014 graphic tools, allowing to correct some errors on atom 

labelling and optimize the position of the Br atom (i.e., by deleting and relocating it via the calculation of 

an additional electron density map using 2Fo-Fc coefficients, where Fo and Fc are the observed and cal-

culated structure factor modulus, respectively). The asymmetric unit of the crystal structure determined 

by the ab initio structure solution from XRPD data (whose main details are provided in Table S9) and its 

local environment are shown in Figure S21a and S21b, respectively. The crystal structure reveals itself 

very similar to that one determined by 3D electron data (see Figure S22, showing a view of the overlay 

of the crystal structures determined by XRPD and 3D electron diffraction data, represented by red and 

blue rods respectively). A comparison of the two structure models reveals a root mean square deviation 

(RMSD) of 0.534 Ǻ between them. 
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Figure S21. Ab initio structure solution from XRPD data. The asymmetric unit a) and its surroundings b) as obtained from 
the XRPD data-based ab initio structure solution. 

 

Table S9. Ab initio structure solution from XRPD data. Main crystal data, Wyckoff sites, fractional atomic coordinates, 
isotropic displacement parameters and geometrical parameters for the XRPD-based ab initio structure solution.  

Chemical formula  Pb4S3Br2 
Mr  1084.81 
Crystal system, space 
group 

 Orthorhombic, Pnma 

a, b, c (Ǻ)  8.22592, 14.70843, 8.13988 
V(Ǻ3)  984.847 
Z  4 
Wavelength (Ǻ)  1.54056 
Dx   7.316 mg m−3 

Wickoff site, fractional atomic coordinates and isotropic displacement parameters (Å2) 

Atom  Wick. Site          x       y z Uiso 

Pb1  8d       0.7875 0.9678 0.0879 0.0319 
Pb2  4c       0.9374 0.7500 0.2740 0.0319 
Pb3  4c       0.6266 0.7500 −0.3232 0.0319 
Br1  8d       0.5249 0.5780 −0.1824 0.0619 
S1  8d       0.6930 0.8809 0.3744 0.0555 
S2  4c       0.7844 0.7500 −0.0020 0.0025 

 Geometrical parameters (Å, º). 

Pb2—S2   2.5751 S2—Pb3 2.9190 
Pb2—S1  2.9011 S1—Pb1 2.7707 
Pb2—Pb1  3.7520 Pb3—Br1 2.9006 
     
S2—Pb2—S1  84.67 Pb2—S1—Pb1 82.80 
S2—Pb2—Pb1  59.15 Pb2—Pb1—S1 50.10 
Pb2—S2—Pb3  177.15 S2—Pb3—Br1 76.96 
S1—Pb2—Pb1  47.11   
     
S1—Pb2—S2—Pb3   138.20 S2—Pb2—Pb1—S1 114.03 
Pb1—Pb2—S2—
Pb3  

 95.98 S1—Pb2—Pb1—S1 0.02 

S2—Pb2—S1—Pb1   −51.95 Pb2—S2—Pb3—Br1 116.46 
Pb1—Pb2—S1—
Pb1  

 0.02 Pb2—S1—Pb1—Pb2 0.02 
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Figure S22. Visual assessment of matching between XRPD and 3D-ED models. Overlay of the asymmetric unities of the 
structure models obtained by 3D-ED (blue) and by XRPD (red) ab initio structure solution. The root mean square deviation 
(RMSD) for the two structure models was found to be 0.534 Ǻ.  
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l) Crystal structures relaxed by DFT calculations 

 

Figure S23. DFT-relaxed 3D-ED and XRPD based structures. Structures emerging from DFT calculations using the a) 3D-
ED and b) XRPD based unit cells as input structures. The two structures were relaxed by keeping the unit cell parameters fixed 
(for both a = 8.22592 Å, b = 14.70843, c = 8.13988 Å). The two models converged to the same structure, based on the level of 
calculation tolerances.  

 

Figure S24. DFT-relaxed 3D-ED and XRPD based structures. Structures emerging from DFT/PBE calculations using the 
a) 3D-ED and b) XRPD based unit cells as input structures. The two structures were relaxed by letting the unit cell parameters 
free to vary. The two models converged to the same structure, based on the level of calculation tolerances, and, remarkably, 
the unit cell parameters converged to values (for both a = 8.14556 Å, b = 15.41923, c = 8.08130 Å) compatible with those 
measured for nanoplatelets by 3D-ED.  
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Figure S25. Calculated band structures for Pb4S3Br2. Top: band structures computed on the unit cells with relaxed param-
eters (which converged to a = 8.14 Å, b = 15.42Å, c= 8.08 Å, corresponding to nanoplatelets, panel a and Figure S24) and with 
fixed parameters (a = 8.226 Å, b = 14.708 Å, c = 8.140 Å, corresponding to pseudospherical NCs, panel b and Figure S23). 
The composition of the band states remains similar with only a slight widening of the gap from the constrained (fixed) to the 
unconstrained (relaxed) cell. Bottom: band structures of the unit cell with fixed parameters computed excluding (c) and includ-
ing (d) spin orbit coupling. In both cases the gap is indirect, however the spin free case shows a different k-point at the bottom 
of the conduction band; the band gap also increases up to about 2 eV. All band structures have been computed at the DFT/PBE 
level of theory.  
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m) Comparison between the proposed structures for Pb4S3I2, Pb4S3Br2 and Pb3S2Cl2 NCs. 

 

Figure S26. Pb4S3I2, Pb4S3Br2 and Pb3S2Cl2 crystal structures and coordination polyhedra. The crystal structures pro-
posed for NCs of Pb4S3I2 (a), Pb4S3Br2 (b) and Pb3S2Cl2 (c). Iodide- and bromide-based NCs are clearly isostructural, 
while Pb3S2Cl2 shows no resemblance to the other two structures at a first sight. However, the coordination polyhedra for 
all three structures are very similar. 
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n) Rietveld refinement of the Pb4S3Br2 structure 

  

Figure S27. Pb4S3Br2 XRPD. Rietveld refinement of the Pb4S3Br2 NCs structural model shown in Figure 4d.  

 
The Rietveld refinement of the structural model originally obtained from the DFT/PBE relaxation was 

performed by fitting an XRPD pattern measured on ∼15 nm particles. The refined parameters were (listed 

according to the refinement order): 

 Unit cell parameters 

 Atomic coordinates 

 Isotropic size parameter 

 Anisotropic thermal factors (only positive or null parameters were accepted) 

 Refinable-points linear interpolation background 
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The outcome of the refinement is summarized in the table below. 

 

Table S10. Pb4S3Br2 Rietveld Refinement. Outcome of the Rietveld refinement on the Pb4S3Br2 structural model. 

Space group Pnma (no. 62) 

Unit cell parameters a (Å) b (Å) c (Å) 

8.202 14.707 8.165 

α (°) β (°) γ (°) 

90 90 90 

Atomic coordinates x y z 

Pb 1 0.134 0.750 0.168 

Pb 2 0.464 0.750 0.810 

Pb 3 0.7918 0.944 0.985 

S 1 0.774 0.750 0.006 

S 2 0.673 0.871 0.619 

Br 1 0.477 0907 0.169 

Anisotropic Thermal 

Factors / Form Factors 

B11 B22 B33 B12 B13 B23 

Pb 1 0.02609 
 

0.13468 
 

0 0 0.02761 
 

0 

Pb 2 0.04174 
 

0.09132 
 

0.01543 
 

0 0 0 

Pb 3 0.12421 
 

0.01533 
 

0.12751 
 

0.01001 
 

0 0.02785 
 

S 1 0 0 0 0 0 0 

S 2 0.07355 0 0 0.04823 0 0.02516 

Br 1 0.0652 
 

0.03762 
 

0 0 0.05184 
 

0.04434 
 

Goodness of Fit 8.3 

 

Notes on the fit: refining the anisotropic thermal factors was needed in order to reach a good match be-

tween the data and the calculated profile. Only null or positive values were allowed.  

 

The following crystal structures are available to the reader in the form of .CIF files; 

 DFT-relaxed structure as shown in Figure 4d:  Pb4S3Br2_DFT.cif 

 Rietveld-refined structure:     Pb4S3Br2_Rietveld.cif 
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o) Temporal stability assessment for Pb4S3Br2 NCs 

 
Figure S28. Temporal stability of Pb4S3Br2 NCs. a) XRPD patterns of the same Pb4S3Br2 NC colloidal suspension / dry 
powder as-prepared and after 2 months of aging in a dry and dark environment. b) Absorption spectra of the solution before 
and after aging. c) Photographs of the two samples after 2 months of aging. No differences are visible when compared with a 
freshly prepared sample. 
  



 

 

S33

p) Complementary characterization for the photodetectors and solar cells. 

Figure S29a shows the I-V characteristics in dark and light of the photodetector made from SCN-

exchanged Pb4S3Br2 NC film. Regarding the solar cell, Figure S29b-c show a representative SEM image 

of the film together with the stability tests of the cell carried out during storage in air and dark conditions 

(data averaged from 3 different devices).   

 

Figure S29. Complementary characterization for the photodetectors and solar cells. a) I−V characteristics of the Pb4S3Br2 
NC-based photodetector with Ti/Au interdigitated bottom contacts (gap of 1μm) in dark and under white LED light 
(400−750nm, 100 mW cm−2). b) Representative SEM image of the Pb4S3Br2 NC film used in the solar cell stack. c) Time 
evolution of the PCE of the solar cells stored in the dark under ambient conditions. Values shown are the average results from 
the monitoring of 3 different devices.  

 

Figure S30 shows the Noise Power Spectra Density of a time trace acquired from the photodetector 

in the dark, in the same experimental condition of the light response measurements (Fig. 6a-c of the main 

text). From this spectrum, the noise figures of merit were calculated. 

 

Figure S30. Noise Power Spectra Density calculated from the Fourier Transform (using the Welch’s method)18, of time trace 
in the dark, after removing a constant background. 
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q) XPS and UPS analyses on ligand-exchanged Pb4S3Br2 NCs. 

As reported in the main text, to make a film of Pb4S3Br2 NCs conductive and use it as active layer in 

a photovoltaic device, we performed a solid-ligand exchange with 1-ethyl-3-methylimidazolium iodide 

(EMII, see details in the main manuscript). The effectiveness of the ligand replacement as well as the 

suitability of the energy level alignment from the ligand exchange in the layered stack were investigated 

via XPS and UPS. Figure S31 shows the comparison of the wide scans collected on the pristine sample 

and on the sample after ligand exchange. The surface of the starting sample contained carbon and oxygen 

species due to the original organic ligands used in the colloidal synthesis (see O 1s and C 1s peaks at 

approx. 530 eV and 285 eV, respectively, in the wide scan shown in the top panel of Fig. S31). After 

ligand exchange, the intensity of those signals was strongly reduced, indicating the effective removal of 

the ligands; at the same time, signals due to the presence of iodine appeared. The position of the main I 

3d peak at (619.5 ± 0.2) eV indicates that iodine is present as iodide, in agreement with literature,7 and 

further corroborating the effectiveness of the ligand exchange procedure. 

 

Figure S31. XPS analysis on ligand-exchanged Pb4S3Br2 NCs for solar cell tests. XPS data collected on as synthesized 
Pb4S3Br2 NCs (top panel) and on those after the ligand exchange (bottom panel). The ligand exchange induced a drastic reduc-
tion of the surface carbon and oxygen species, as evidenced by the decrease of the intensities of the O 1s and C 1s peaks, 
confirming the effective removal of the starting ligands. At the same time, signals due to iodine species appeared, due to the 
surface passivation with iodide ions of EMII. Note: in the top panel, at approx. 84 eV, the signals due to the gold substrate are 
visible.  
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We further studied the ligand-exchanged sample via UPS, to extract its work function and the 

valence band maximum (VBM) position. The results are reported in Figure S32, together with the linear 

extrapolation of the high and low binding energy onsets. The high binding energy onset is directly corre-

lated with the work function (WF) of the material. With the measured onset at 16.9 eV, we calculated the 

WF as difference between the He I photon energy and the onset value itself. The resulting WF is 4.30 ± 

0.05 eV. The low binding energy onset relates instead with the distance between the top of the valence 

band (VBM) and the Fermi level (EF), assumed as zero of the binding energy scale. As shown in the 

figure, the position of the valence band maximum is at 1.6 ± 0.1 eV below EF. The position of VBM with 

respect to the vacuum level is therefore -5.9 ± 0.12 eV. 

 

Figure S32. UPS analysis on ligand-exchanged Pb4S3Br2 NCs for solar cell tests. UPS data collected on the Pb4S3Br2 
nanocrystals after the ligand exchange procedure. The high and low binding energy onsets, as obtained via linear extrapolation, 
are marked. 

As a further evidence of the possibility to tune the energy levels of the Pb4S3Br2 NCs, we also 

carried out UPS analysis of the sample that had been ligand-exchanged with NH4SCN and used for the 

fabrication of the photodetectors (see procedure in the main text). The results are reported in Figure S33, 

together with the data collected on starting organic capped-NCs. Similarly to what done on the sample 

that had been ligand-exchanged with EMII, we obtained the WF and VBM position on these two samples 

via linear extrapolation of high and low binding energy onsets. For the pristine sample, before ligand 

exchange, the resulting WF is 4.10 ± 0.05 eV and the VBM is at 1.1 ± 0.1 eV below EF. The position of 

VBM with respect to the vacuum level is therefore -5.20 ± 0.11 eV. In the case of the SCN-exchanged 

sample, instead, the WF is 4.60 ± 0.05 eV and the VBM is at 0.9 ± 0.1 eV below EF, corresponding to a 
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position with respect to the vacuum level of -5.20 ± 0.11 eV. These data therefore confirm that, as reported 

in literature for other colloidal NCs,19,20 the energy levels of our Pb4S3Br2 NCs could be tuned by a proper 

choice of the surface ligands. 

 
Figure S33. UPS analysis on starting and SCN- ligand-exchanged Pb4S3Br2 NCs. UPS data collected on the Pb4S3Br2 NCs 
before (top) and after the ligand exchange procedure with NH4SCN (bottom). The high and low binding energy onsets, as 
obtained via linear extrapolation, are marked. Inset in bottom panel shows the energy level diagrams of the Pb4S3Br2 NCs with 
the ligands used in this work. The position of the conduction band minimum (CBM) has been obtained by adding the optical 
bandgap (approx. 2 eV) to the position of the VBM. 
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r) DFT band structure calculations for Pb4S3I2 and Pb3S2Cl2 

 
Figure S34. Calculated band structures for Pb3S2Cl2 and Pb4S3I2, based on the structures published by Ni et. al.4,6 The 
calculations were performed starting from the models obtained by Rietveld fit  as reported in sections S.c,d, after relaxing the 
unit cell content while keeping the cell parameters fixed. Since Cl and S atoms in Pb3S2Cl2 share randomly the same Wyckoff 
sites, a stoichiometric cell with random distribution of the two elements was considered. Calculations were performed without 
including spin orbit coupling (SOC) to better estimate the bandgap.  
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s) FTIR characterization of Pb4S3Br2 NCs and devices. 

 

Figure S35. FTIR characterization of films of Pb4S3Br2 NCs before and after ligand exchange. FTIR spectra of the as-
synthesized Pb4S3Br2 NCs, showing the characteristic signal of organic ligands (black) compared with that of NCs after being 
exchanged with SCN and EMII (red, blue). After the treatments, the original organic ligands have been quantitatively removed.  
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