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Boost the Lead Conversion Efficiency for the Synthesis of

Colloidal 2D PbS Nanosheets

Tharaka MDS Weeraddana, Adam Roach, Shashini M. Premathilaka, Yiteng Tang,

Jordan Fox, and Liangfeng Sun*

In the synthesis of colloidal PbS nanosheets, the supernatant of the reaction
solution is reused to boost the lead conversion efficiency. It doubles the con-
version efficiency of the lead precursors to the PbS nanosheets. The nanosheets
synthesized by reusing the supernatant have similar morphology, nearly identical
thickness, and optical properties as the original ones, confirmed by transmission
electron microscopy, X-ray diffraction, and photoluminescence spectroscopy.
This method reduces the toxic Pb-containing waste during the synthesis, a step
toward the green and scalable synthesis of colloidal 2D PbS nanosheets.

1. Introduction

As one of the emerging colloidal 2D nanomaterials, lead
sulfide (PbS) nanosheets!" "' have demonstrated a thickness tun-
able bandgap,”’ a highly efficient multiple carrier generation,"®!
a narrow emission linewidth,! large carrier mobilities,?” and
topological properties.*!! Scalable synthesis of nanomaterials with
a high chemical yield is critical for their applications. For instance,
people have developed scalable methods to synthesize PbS, 2224
Culn,Gay_,S,,%>) CsPbBr;,?*! and CuslnsSe, nanocrystals,*’]
resulting in more than 10 times the product than that obtained
using the traditional method. In the original synthesis of the
PbS nanosheets, we need to keep the molar ratio of the feedstock
lead (PDb) and sulfur (S) to be 14:1 though the final product has a
Pb:S ratio of 1:1.%°) Consequently, about 13/14 of the feedstock
lead is not converted into the final product, resulting in toxic
Pb-containing waste.
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In this work, we report a method that can
significantly improve the conversion effi-
ciency of the reactant lead oxide to product
lead sulfide nanosheets. It is achieved by
reusing the unreacted lead precursor (lead
oleate) from the reaction solution. The syn-
thesized nanosheets have nearly identical
thickness and optical properties as those
obtained in the original synthesis.
Minimizing the Pb waste is beneficial for
many potential applications of PbS nano-
sheets, including solar cells,*?”** light-emit-
ting devices,>*1%2628-3% and transistors.”*"!

2. Experimental Section

We synthesize the colloidal PbS nanosheets using the method
developed earlier (Supporting Information A).'” Briefly, we
mix lead oxide and oleic acid to prepare the lead precursor (lead
oleate) and then add chloroalkane as the cosolvent. We mix thio-
acetamide and trioctylphosphine to prepare the sulfur precursor.
When both lead and sulfur precursors are ready, we mix them to
react at a set temperature. After the reaction we separate the solid
product (nanosheets) using centrifugation. The colorless superna-
tant is reused for further syntheses.

We load the supernatant in a new flask and heat it to 130 °C
under a nitrogen environment (Figure 1). We prepare the sulfur
precursors in the same way as in the original synthesis and inject
them into the flask containing the last supernatant. We stir the
mixture for a uniform reaction with a magnetic stir bar at 130 °C
for 5min. Then the reaction solution is cooled down to room
temperature to stop the reaction. The nanosheets are separated
by centrifuging (3500 RPM, 1576 g), and the supernatant is kept
for the next synthesis.

We repeat the procedure 4 times (Figure 1). The solid product
separated in each step is washed with toluene in ambient air. We
measure the dried product to obtain the mass of the nanosheets.
They are 26.1 mg (original), 2.2 mg (first reuse), 9.2 mg (second
reuse), and 9.2 mg (third reuse), respectively. Each product is
characterized with transmission electron microscopy (TEM),
X-ray diffraction (XRD), and photoluminescence (PL) spectros-
copy. The samples for PL spectroscopy are prepared by dispers-
ing the nanosheets in tetrachloroethylene. The samples for TEM
and XRD are prepared by drop-casting the nanosheets on a TEM
grid and a glass substrate, respectively.

The TEM images show the products are PbS nanosheets
(Figure 2a-d) until the fourth reuse of the supernatant
(Figure 2e,f). These nanosheets have rectangular shapes. The
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Figure 1. The schematics show the synthesis of nanosheets while reusing the supernatants. The gray shadows indicate the precipitated products.
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Figure 2. TEM images of the products from a) the original synthesis, b) the first, c) the second, d) the third, and e,f) the fourth reuse of the supernatant.

lateral size decreases after each reuse of the supernatant
(Supporting Information B). It is likely due to the decrease of
the Pb-to-S ratio in the subsequent synthesis. We estimate the
Pb-to-S ratio in each synthesis using the quantities of the reac-
tants and products (Supporting Information C). In the original
synthesis, the quantities of Pb and S are 2.267 and 0.160 mmol,
respectively. The Pb-to-S ratio is 14:1. After the synthesis,
0.096 mmol of Pb and S converts to PbS nanosheets. The
unreacted Pb and S in the supernatant are then 2.171 and
0.064 mmol. We add 0.160 mmol S to the supernatant and reuse
it for the following synthesis, where the Pb-to-S ratio turns to
10:1 (Table 1). The Pb-to-S ratios are estimated to be 6:1 and
4:1 in the syntheses with the second and third reuses of the
supernatant, respectively (Table 1). The reduction in the lateral
size follows the decrease in the Pb-to-S ratio in the reaction solu-
tion, consistent with the literature.*®!

The product from the fourth reuse of the supernatant is a mix-
ture of narrow nanosheets and quantum dots (Figure 2e,f). In
this synthesis, the estimated Pb-to-S ratio is 3:1 (Table 1).
Premathilaka and co-workers have shown that the product is

Phys. Status Solidi A 2023, 220, 2200472 2200472 (2 of 5)

Table 1. The quantities of the lead (Pb) and the sulfur (S) in the reaction
solution, the added sulfur, the Pb-to-S molar ratio, and the product PbS
nanosheets (NSs) in the original synthesis and the following syntheses
with the reuse of the supernatant. The values are based on estimates
and calculations detailed in Supporting Information C.

Pb in solution S in solution S added Pb:S PbS NSs

[mmol] [mmol] [mmol] [mmol]
Original 2.267 0.160 N/A 14:1 0.096
First reuse 217 0.064 0.160 10:1 0.008
Second reuse 2.163 0.216 0.160 6:1 0.034
Third reuse 2.129 0.342 0.160 41 0.034
Fourth reuse 2.095 0.468 0.160 3:1 N/A

nanosheets when the Pb-to-S ratio is between 2.5:1 and
3.5:1.%% The product becomes quantum dots when the ratio is
1:1. As to this discrepancy, we speculate that we could overesti-
mate the Pb-to-S ratio in the supernatant. Due to the loss of the

© 2022 The Authors. physica status solidi (a) applications and materials science
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supernatant during the purification process, the actual Pb-to-S
ratio in the synthesis is less than what we estimate.

We performed XRD experiments (Supporting Information D)
to characterize the products. All the XRD patterns (Figure 3)
show a peak at ~30°, matching the diffraction angle (2theta)
of the (200) plane of the PbS bulk (galena).*"! The products from
the first three syntheses—original, first reuse, and second
reuse—show a dominant (200) peak, while other diffraction
peaks are negligible (Figure 3a—c). The products from the last
two syntheses—third and fourth reuses—show additional peaks
at 26.0°, 43.1°, 51.1°, and 53.5° (Figure 3d—e). They are
corresponding to the (111), (220), (311), and (222) crystal planes
of galena,®" respectively.

The dominant (200) peak indicates that the basal plane of the
nanosheet is the {100} plane.” When we prepare the XRD sam-
ple by drop-casting the nanosheet solution on a glass substrate,
most nanosheets rest on the substrate with their basal planes fac-
ing up. Consequently, the (200) peak dominates the XRD pattern.
As the lateral size of the nanosheets decreases, they tend to aggre-
gate, making them randomly oriented on the TEM substrate.
It results in the multiple XRD peaks (Figure 3d—e). The last
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0 |

6} (C)

Intensity (a.u.)
o N D

ﬁ

o

£

4
2 (111)

(220) (311) (222
0 M) o

20 30 40 50 60
2 theta (degree)

Figure 3. XRD patterns of PbS nanosheets from a) the original, b) the first
reuse, c) the second reuse, d) the third reuse, and e) the fourth reuse of the
supernatant syntheses. The red lines indicate the diffraction angles (26) of
the crystal planes of PbS bulk (galena)27 at 26.0° (111), 30.1° (200), 43.1°
(220), 51.1° (311), and 53.5° (222), respectively.
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synthesis—fourth reuse—results in dot-like nanocrystals. If they
are quantum dots, each dot’s orientation is likely random,
leading to multiple peaks in the XRD pattern.

The (200) peaks in Figure 3a—c are broad but narrow in
Figure 3e. The width of the diffraction peak is inversely propor-
tional to the size of the nanocrystal, as described by the Scherrer
equation. Assuming the majority of the nanosheets has their
basal plane (200) facing up, we use the dominant (200) peak
to estimate the thickness (Supporting Information D). The
calculated thickness is ~3.0nm for the nanosheets from the
first three syntheses (Figure 3a—c), but ~4.4 nm from the fourth
synthesis (third reuse) (Figure 3d). We suspect the random
orientation of the nanosheets reduces the width of the diffraction
peak, resulting a larger thickness calculated using the Scherrer
equation.

The XRD peaks from the last synthesis (Figure 3e) are signifi-
cant narrower than those from the other syntheses. We calculate
the sizes using (111), (200), (220), and (311) peaks, respectively
(Supporting Information D). The size ranges from 8 to 11 nm. It
is close to the lateral size of the dots revealed by the TEM image
(Figure 2f), which likely lead to the narrow multiple XRD peaks
shown in Figure 3e.

The nanosheets synthesized by reusing the supernatant
exhibit PL spectra close to the original one (Figure 4). The wave-
length of PL peak from different batches of nanosheets ranges
from 1804 to 1860 nm, with an average of 1832nm and a
standard deviation of 19 nm (Supporting Information E). This
deviation (19 nm) is much less than the width of the PL peak
itself (=170 nm). Therefore, the average thickness of the nano-
sheets obtained in each synthesis is nearly the same. The PL peak
widths of the nanosheets from different syntheses are also close
to each other, indicating their thickness dispersions are close to
each other too. The above results show that the thickness and the
thickness dispersion remain nearly the same in each synthesis of
reusing the supernatant.

We use the PL spectrum from the nanosheets to estimate
their average thickness (Figure 4). It is based on the 1D quantum
confinement model

Photon energy (eV)

1.0 0.8 0.6 0.5
1.0} - - original R
— - 15t reuse /f x \
0.8} — —2"reuse VRS
- rd ¥ N
S 3™ reuse I} \\
< 06 ! /1 W
= i
Z ! \
& 04 /! P
15 i v
i W \,
o 02 i N
Z ,', "\
00} ez N
\'1
1200 1600 2000 2400

Wavelength (nm)

Figure 4. Normalized PL spectra of the nanosheets from the original
(dotted line), first reuse (dash-dotted line), second reuse (dashed line),
and third reuse (solid line) of the supernatant.
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The energy gap of bulk PbS—Eg,,(c0)—is 0.41eV at room
temperature. The energy gap of the nanosheets—Eq,,(t)—
depends on its thickness t. The model shows the energy gap
of the nanosheet increases as its thickness decreases. As the
energy of the photon emitted by the nanosheet is close to the
energy gap of the nanosheet, we use the central photon energy
(Ephoton) of the PL to estimate the thickness.

The derived thicknesses of the nanosheets from the first three
syntheses (original, first reuse, and second reuse) are 2.7, 2.4,
and 2.6 nm, respectively (Table 2). They are slightly thinner
(~0.5 nm) than those obtained from the XRD peaks: 3.2, 2.9,
and 3.0 nm, respectively. It indicates there is a systematic error
in either the confinement model or the Scherrer model. The
derived thickness of the nanosheets from the fourth synthesis
(third reuse) is 2.7 nm. It is close to the thickness of other nano-
sheets derived from the PL spectra but much less than that
obtained from XRD (4.4 nm). The latter, however, is not reliable
because of the random orientation of the nanosheets on the
XRD peak.

The conversion efficiencies of the reactants in the reusing
syntheses are less than the original ones. We define conversion
efficiency as the molar ratio of the element in the product to the
same one in the reactant. The variation of the conversion efficien-
cies is repeatable, confirmed in our experiments (Supporting
Information F). In the original synthesis, the average conversion
efficiency of Pb and S is 4.3% and 61.3%, respectively. In the first
synthesis of the reused supernatant, they all drop significantly
(Figure 5). Then they recover some in the following two synthe-
ses. The concentration of the lead precursor (lead oleate) remains
nearly the same in all the syntheses, but the concentration of the
sulfur precursor increases in each succeeding synthesis
(Table 1). It indicates that the lead conversion efficiency depends
on the Pb-to-S ratio (or the sulfur concentration) in the reaction
solution.

To reveal if the same lead conversion efficiency as in the
original synthesis can be achieved in the synthesis with the reuse
of the supernatant, we design a new experiment by adding
0.09 mmol sulfur to the supernatant after the original synthesis,
making the Pb:S ratio 14:1 (the same as that in the original
synthesis). The quantity of nanosheets we get is 8.8 mg, much
less than what we got in the original synthesis (26.6 mg).
We suspect that the lead and sulfur precursors in the supernatant
have different chemical reactivity from those in the original
reaction solution. We notice that the reaction solution takes a
long time to change its color in contrast to the original synthesis.

Table 2. The central photon energy (Ephoton) and the standard deviation
(0photon) Of the PL peak from the nanosheets of each synthesis. The
calculated thickness () and the standard deviation (oy) of the nanosheets.

Synthesis Ephoton [€V] Gphoton [€V] t [nm] oy [nm]
Original 0.67 0.057 2.7 0.8
First reuse 0.69 0.063 2.4 0.8
Second reuse 0.68 0.056 2.6 0.7
Third reuse 0.67 0.062 2.7 0.9
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Figure 5. The conversion efficiency of Pb (solid squares) and S (solid
circles) in each synthesis. The lines are to guide the eyes. The error bars
indicate the batch-to-batch variation of the sample.

It indicates a lower reactivity, which leads to lower conversion
efficiencies.

The change of the chloroalkane—1,1,2-trichloroethane (TCA)
concentration—and the accumulation of the by-products in the
reaction solution probably affect the reaction dynamics too. As
TCA is volatile, its amount reduces after each synthesis shown
in Figure 1. On the other hand, the sulfur amount increases,
making a lower TCA:S ratio in each sequential synthesis.
It may contribute to the decrease in the lateral size of the nano-
sheet, as we demonstrated earlier.*® The by-products include
amines (from thioacetamide) which are one type of surface
ligands for colloidal nanocrystals. They may affect the growth
dynamics (e.g., the lateral growth) of the nanosheets.

The supernatant reuse increases the overall Pb conversion effi-
ciency. The total quantity of the PbS nanosheets synthesized is
47.6 mg, nearly twice as much as that in the original synthesis
(26.6 mg). In the original synthesis, only 4.3% of the Pb converts
to PbS nanosheets (Figure 5). Three reuses of the supernatant
increase the conversion efficiency to 7.7%. The conversion
efficiency of sulfur is higher than lead in each synthesis and
variates in the same pattern as lead (Figure 5). The overall sulfur
conversion efficiency, however, drops down to 27.3%.

This method may be applicable for other syntheses where the
ratio of the reactants is very different from the stoichiometric
ratio of the product. For instance, in the synthesis of PbS nano-
sheets developed by Bielewica and co-workers,”! the ratio of lead-
to-sulfur is kept at a high value (Pb:S = 120:1). In that synthesis,
less than 1% of the reactant lead converts to PbS nanosheets.
If our method is applied in that synthesis, the conversion
efficiency of the reactant lead could be significantly improved.

3. Conclusions

We develop a method to improve the lead conversion efficiency
in the synthesis of colloidal PbS nanosheets. The reuse of the
supernatant in the follow-up syntheses doubles the overall lead
conversion efficiency. The synthesized nanosheets using
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the supernatant have nearly identical thickness and optical
properties to the original ones. This method reduces the toxic
lead-containing waste in the synthesis, a step toward the green
synthesis of PbS nanosheets. It may also help the scalable syn-
thesis of the colloidal PbS nanosheets, an emerging nanomate-
rial for infrared optoelectronic devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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