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Abstract: Nanostructured hybrid materials based on the combination of semiconductor
QDs and GO are promising candidates for different optoelectronic and catalytic applications
and being able to produce such hybrid materials in solution will expand their possible
range of applications. In the current work, capping ligand-exchange procedures have been
developed to replace the lead oleate normally found on the surface of PbS QDs synthesized
by the popular hot-injection method. After the capping ligand-exchange process, the QDs
are water soluble, which makes them soluble in most GO solutions. Solution-processed
nanostructured hybrid materials based on GO flakes decorated with ligand-exchanged
(EDT, TBAI and L-Cysteine) PbS QDs were synthesized by combining PbS QDs and GO
solutions. Afterward, the resulting hybrid materials were thoroughly characterized by
means of FTIR, XPS, Raman, UV-Vis-NIR and photoluminescence spectroscopy, as well
as SEM and TEM techniques. The results indicate a clear surface chemistry variation in
the capping ligand-exchanged PbS QDs, showing the presence of the exchanged ligand
molecules. Thin films from the solution-processed nanostructured hybrid materials were
deposited by the spin coating technique, and their optoelectronic properties were studied.
Depending on the capping ligand molecule, the photoresponse and resistance of the thin
films varied; the sample with the EDT ligand exchange showed the highest photoresponse
and the lowest resistance. This surface chemistry had a direct effect on the charge carrier
transfer and transport behavior of the nanostructured hybrid materials synthesized. These
results show a novel and accessible route for synthesizing solution-processed and affordable
nanostructured hybrid materials based on semiconductor QDs and GO. Additionally, the
importance of the surface chemistry displayed by the PbS QDs and GO was clearly seen in
determining the final optoelectronic properties displayed by their hybrid materials.

Keywords: hybrid materials; PbS QDs; GO; optoelectronic properties

1. Introduction

Nanostructured hybrid materials (NHMs) based on graphene oxide (GO) or reduced
graphene oxide (rGO) with semiconductor nanoparticles or quantum dots (QDs) are promis-
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ing candidates for fulfilling the grand expectations for solution-processed and affordable
hybrid materials with tunable optical, electrical and catalytical properties [1-8]. Common
GO synthesis methodologies produce aqueous-soluble GO [9], whereas commonly used
synthesis methods for producing semiconductor QDs yield nanostructures that are soluble
in organic solvents [10]. Hence, simple solution-processed methodologies for forming
hybrid materials based on these types of nanostructures require GO/rGO functionaliza-
tion [2,5,11] or ligand exchange on the nanoparticles. Ligand-exchange methodologies on
nanoparticles have been widely studied, mainly due to the variation it induces in the values
of the nanoparticles” highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) [12,13]. Ligand-exchange procedures normally have a main
goal of replacing long-chain organic molecules with shorter-chain ligands on the QDs’
surface in order to improve their electronic properties, such as charge carrier mobility,
and manipulate the majority charge carrier type [14]. These and other physical proper-
ties can be manipulated by the capping ligand molecule on the QDs’ surface. Capping
ligand molecules commonly feature a polar head and an aliphatic non-polar group on
their other end, providing steric stabilization and dispersibility in organic solvents [14].
Common polar heads include amines, carboxyl, thiols and phosphates. These functional
groups interact with the metallic cations on the QDs’ surface, producing non-stochiometric
QDs, resulting in a doping effect affecting the charge carrier concentration, while charge
carrier mobility is highly influenced by the capping ligand length passivating the QDs’
surface [14]. Capping ligand molecules found on the QDs’ surface play a significant role
in the control of their dispersibility, ambient stability and electrical properties (such as
charge carrier concentration, mobility, electronic structure and surface defects). X. Zhang
et al. [15] passivated the surface of PbS QDs via ligand exchange in the solid and liquid
phases. For the solid-phase exchange, synthesized PbS QDs with oleic acid as the capping
layer were deposited on a glass substrate; afterward, they were treated with tetrabutylam-
monium iodide (TBAI), where oleic acid was then exchanged for the I ion in TBAI. For
the liquid-phase exchange, PbS QDs were dissolved in octane, while TBAI was dissolved in
dimethylformamide (DMF); afterward, both solutions were mixed and vigorously agitated,
resulting in the transfer of the PbS QDs from the octane to the DMEF, indicating the presence
of the TBAI on the PbS QDs’ surface. They confirmed this idea with FTIR results; how-
ever, these results also suggested an incomplete ligand exchange, as low-intensity signals
related to the oleic acid were still detected. Nevertheless, an improved ligand exchange
for the liquid-phase methodology has been observed. Several references have reported the
ligand exchange in the solid phase [6,12,14]; however, in a liquid-phase exchange, QDs
have a larger surface area in contact with the capping ligand molecules to be exchanged,
and not only the exposed top surface that is available in solid-phase ligand-exchange
methodologies [14].

On the other hand, another possibility is functionalizing GO or rGO. This procedure
implies chemically treating them in order to bond, either covalently or electrostatically, a
functionalizing molecule to their surface. This molecule would interact with, or replace,
the hydroxyl or carboxyl functional groups found on GO and rGO, while its other end
is capable of interacting with the QDs’ surface, either by replacing its capping ligand
molecule or interacting with it [2,5,11,16-18], thus creating a hybrid material that would
enhance charge carrier transfer between the nanostructures and charge carrier transport in
the resulting hybrid material. One of the goals of performing a surface modification in GO
is to reduce its hydrophilicity, thus improving its solubility in organic solvents and, hence,
making it soluble in similar media to those in which QDs are normally found after their
original synthesis [5,11]. Several of these functionalization procedures involve complicated
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methodologies that include long reaction times, multiple-step methods and non-sustainable
chemical reactants, among other disadvantages.

In the current study, PbS QDs were synthesized by the hot-injection method; afterward,
the original lead oleate found on their surface as a capping layer was exchanged in the liquid
phase for three different capping ligands that are soluble in aqueous solutions: ethanedithiol
(EDT), TBAI and L-Cysteine (L-Cys). Then, previously synthesized GO was dissolved
in ethanol to prepare a hybrid material based on the PbS QDs with the capping ligand
exchanged decorating the GO flakes in solution. These hybrid materials were thoroughly
characterized using different techniques, such as UV-Vis-NIR optical absorption, X-ray
Photoelectron Spectroscopy (XPS), Fourier Transform Infrared (FTIR) spectroscopy, Raman
spectroscopy and Transmission Electron Microscopy (TEM). Afterward, thin films were
prepared with these hybrid materials by spin coating and were characterized by Scanning
Electron Microscopy (SEM), and their electrical properties were studied.

2. Experimental Methodology

Materials: For the PbS QDs synthesis, the following reactants were used: Lead oxide
(PbO) 99.99%, oleic acid (OA) 90%, 1-octadecene (ODE) 90%, hexamethyldisilathiane
(TMS) reactive grade, diphenylphosphine (DPP) 98%, hexane and chloroform (CHCl3)
were acquired from Sigma-Aldrich, while solvents such as acetone and isopropyl alcohol,
ethanol and methanol were acquired from CTR Scientific.

The molecules used for the capping ligand exchange, L-Cysteine (L-Cys) 97%, 1,2-
ethanedithiol (EDT) and tetrabutylammonium iodide (TBAI) were acquired from Sigma-Aldrich.

For the GO synthesis, natural graphite, concentrated sulfuric acid (H,504), phosphoric
acid (H3POy), potassium permanganate (KMnQy), hydrogen peroxide (H,O;), hydrochloric
acid (HCI) at 30% and ether were used, which were acquired from Sigma-Aldrich.

PbS QDs Synthesis: For the synthesis of the PbS QDs, the rapid hot-injection method
was used, following procedures previously reported [10,19]. PbO (0.45 gr) was dissolved in
the mixture of ODE (20 mL) and OA (1.6 mL), followed by magnetic stirring. This solution
was degassed at 115 °C under N, atmosphere until it became completely clear and without
bubbles, for approximately 1 h. Simultaneously, the sulfur precursor solution is prepared
in a glove box under Ar atmosphere; for this solution, 210 pL of TMS, 2 mL of ODE and
100 pL of DPP were stirred for 30 min at room temperature. The sulfur precursor was
injected rapidly into the lead precursor solution under Ny, and after 4 s of reaction time, the
reaction was cooled down with cold acetone. PbS QDs were washed five times in acetone
using centrifugation (9000 rpm, 30 min) and redispersed in chloroform. The precipitated
QDs were finally dissolved in chloroform.

PbS QDs Ligand Exchange: PbS QD solution with a concentration of 5 mg mL ™!
was prepared. 0.125 gr of PbS QDs were added to 25 mL of hexane, or chloroform, in
order to obtain the desired concentration. Solutions were prepared with EDT and TBAI in
methanol with concentrations of 0.175 M and 0.027 M, respectively. L-Cys was dissolved
in deionized (DI) water in order to form a solution with a concentration of 0.075 M. It is
worth mentioning that this solution needed to be prepared right before it was intended
to be used; otherwise, after 24 h, large L-Cys crystals would start to form in the solution,
and then it would not be useful for the intended purpose. For the ligand exchange with
EDT and TBAI, 1 mL of their solution was mixed with 1 mL of the PbS QD solution in
hexane; then, this mixture was vigorously agitated for 1 min, and it was left to rest for
1 min; after this rest time, the PbS QDs could be seen to change from the organic phase to the
aqueous phase, indicating the proper ligand exchange. Then, the PbS QDs were extracted
and stored in 2 mL centrifugation tubes, where the vials were filled with methanol. In the
case of the L-Cys ligand exchange, 1 mL of the L-Cys solution in DI was mixed with 1 mL
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of PbS QD solution in chloroform; then, this mixture was vigorously agitated for 1 min and
left to rest for 1 min; again, it was possible to see the PbS QDs change from the organic
phase to the aqueous phase. Afterward, the PbS QDs were extracted and stored in 2 mL
centrifugation tubes, where the vials were filled with acetone. Then, all the samples were
centrifuged at 13,000 rpm for 10 min in a Fisher Scientific Accum Spin microl7 centrifuge;
after centrifugation, the supernatant was extracted, and the particles were redispersed in
methanol. This process was repeated two additional times. Finally, the PbS QDs were
redispersed in ethanol and centrifuged at 13,000 rpm for 10 min, the supernatant was again
discarded and the particles were redispersed in ethanol. This process was repeated one
additional time, and the particles were finally left in ethanol for further processing.

GO synthesis: GO was synthesized using the method reported by Marcano et al. [9].
After the synthesis, GO was dispersed in ethanol.

Nanostructured hybrid materials (NHMs) preparation: 4 mL of PbS QDs in ethanol
with the new capping ligand molecule was deposited in 8 mL vials; this QD solution and
the GO solution were ultrasonicated, separately, for one minute; afterward, 300 uL of GO
was added to the 4 mL PbS QD solution in the 8 mL vials, and they were vigorously agitated
and left for 2 min in the ultrasonic bath. Later, the solutions were centrifuged at 13,000 rpm
for 10 min, the supernatant was discarded and the NHMs were redispersed in ethanol.

NHMSs' thin films deposition: Thin films of the prepared NHMs were deposited via
spin coating on thoroughly cleaned glass substrates. A spin coater WS—400BZ—6NPP/LITE
was used for this purpose. The deposition speed used was 2500 rpm; 1100 mL of the hybrid
material was deposited on the glass substrate dropwise; while the substrate was spinning,
we waited for 5 s in between drops to let the ethanol evaporate. Once the deposition process
was finished, the thin films were left to dry, and afterward, they were stored in a glove box
under an Ar atmosphere and in dark conditions.

Physical characterization: UV-Vis-NIR optical absorption spectroscopy studies of
the PbS QDs before and after the ligand exchange were performed in an Agilent Cary
5000 spectrometer in the range between 200 nm and 1100 nm. Photoluminescence (PL)
spectroscopy studies were performed in a StellarNet Silver-Nova Fluor system in the range
between 700 nm and 1100 nm, with an excitation wavelength of 655 nm. For both stud-
ies, the samples were in solution: chloroform for the sample before the ligand exchange
and ethanol for the samples after the ligand exchange. Fourier Transform Infrared (FTIR)
spectroscopy studies were performed with an FTIR Interspec 200-X spectrometer in the
range between 400 cm ! and 4000 cm !, and the samples were prepared with KBr in
order to perform the measurements. Raman spectroscopy measurements were performed
on a LabRAM HR Horiba Scientific spectrometer with an excitation laser of 633 nm, an
acquisition time of 5 s and an objective lens of 50X. X-ray Photoelectron Spectroscopy
(XPS) measurements were performed on a Thermo Fisher Scientific K-Alpha spectrometer
(Waltham, MA, USA) featuring an Al K« radiation source (1486.68 eV); for these studies,
deposited thin films were used from the different samples. Scanning Electron Microscopy
(SEM) studies were performed using a Hitachi SU8020 with an acceleration voltage
of 1 kV and a beam current of 10 pA. For this study, only the thin films of the NHMs
were analyzed. TEM studies were performed using a FEI TEM Titan G2 80-300 operated at
300 kV with scanning transmission electron microscopy (STEM) capabilities and equipped
with a high-angle annular dark-field (HAADF) detector from Fishione, bright-field (BF)
and dark-field (DF) STEM detectors from Gatan and an EDAX energy-dispersive X-ray
spectroscopy (EDXS) detector. TEM samples from the PbS QDs in solution were prepared
by depositing one drop of the solution on carbon-coated Cu grids, while the samples from
the NHMs'’ thin films were prepared as follows: the thin films were detached from the
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substrates; then, the thin films were grinded in an agata mortar; finally, the fine powder
was deposited on lacey carbon Cu grids.

Electrical properties characterization: For the electrical properties studies, a Keithley
6487 picoammeter was used. I-V and photoresponse curves were acquired for the NHMs’
thin films. Silver paint was used for the electrodes to perform the measurements. For the
I-V curves, the voltage was varied between 0 V and 20 V, whereas for the photoresponse
measurements, 20 V was used, the sample was left in a dark box for 20 s and then exposed
to 50 W tungsten halogen lamp for 20 s and, finally, the light source was turned off while
the current was measured for another 20 s.

3. Results and Discussion

The synthesized and ligand-exchanged PbS QDs were analyzed via UV-Vis-NIR and PL
spectroscopy. Figure 1 shows the results obtained for these studies. The optical absorption
spectra for the OA-capped sample showed an absorption peak maximum at ~755 nm. After
the ligand exchange, this absorption peak maximum shifted to approximately 811, 810 and
815 nm for the capping ligands L-Cys, TBAI and EDT, respectively. This variation in the
absorption peak maximum can be associated with an increase in the average particle size in
the different samples, as has been reported previously [20]. Additionally, the full width at
half maximum (FWHM) in all ligand-exchanged samples showed an increase compared to
the OA sample, with less intense and broader absorption peaks. These observations can be
associated with an increment in particle-size dispersion. Additionally, the PbS QDs were
observed to form agglomerates (Figure 2) after the capping ligand exchange procedure;
these agglomerates can also produce variations in the UV-Vis absorption and PL spectra.
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Figure 1. UV-Vis-NIR optical absorption (blue line) and PL (black line) spectra for the PbS QDs with
the different capping ligands: (a) OA, (b) EDT, (c) L-Cys and (d) TBAIL
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Figure 2. TEM images of the PbS QDs with the different capping ligands: (a) OA, (b) EDT, (c) TBAIL
and (d) L-Cysteine.

The PL spectra, shown as the dark lines in Figure 1, showed an emission signal with a
Stokes shift of 100 nm, 115 nm, 84 nm and 160 nm for the samples with the capping ligand
of OA, L-Cys, TBAI and EDT, respectively. This emission is produced due to the radiative
recombination of the photogenerated excitons (electron-hole pairs) within the QDs [21].
These Stokes shift variations can be attributed to the surface trap states generated by the
defects found on the QDs’ surface. Defects that have been observed in the case of PbS
QDs mainly originate through the surface passivation of OA, which displays a preferential
interaction with Pb atoms, leaving un-passivated S atoms on the surface of the QDs and,
hence, forming the mentioned surface trap [21]. The measured Stokes shift is different
in all the samples analyzed; these variations will be discussed in more detail later in the
manuscript.

Figure 2 shows TEM images of the synthesized PbS QDs and the samples after the
capping ligand-exchange procedure with the different ligands. It was observed that after
the capping ligand-exchange process took place, aggregates of the PbS QDs could be
observed, which were not seen in the originally synthesized PbS QD sample. Figure 3
shows STEM-HAADF images of the samples, where slight variations in the QDs’ size,
shape and size distribution can be observed. The measured average particle size for
the QDs capped with OA, EDT, L-Cys and TBAI was 3.48 nm, 3.68 nm, 3.5 nm and
3.79 nm, respectively (Table 1). These numbers were calculated by measuring PbS QDs
away from the previously mentioned PbS QD agglomerates. As was suggested by the
optical absorption results, a slight increment in the average particle size was observed in
the STEM results for the QDs with the ligand exchanged.
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Figure 3. STEM images of the PbS QDs with different capping ligands: (a) PbS-OA, (b) PbS-EDT,
(c) PbS-L-Cys and (d) PbS-TBAL

Table 1. Average size and standard deviation for the PbS QDs with different capping ligand.

Sample Average Size (nm) Standard Deviation (nm)
PbS-OA 3.48 1.27
PbS-EDT 3.68 1.02
PbS-L-Cys 3.50 0.68
PbS-TBAI 3.79 0.74

Figure 4 shows the FTIR and the Raman spectroscopy results for the analyzed samples.
For the PbS QDs originally synthesized with the OA as the capping ligand (Figure 4a),
three bands related to the symmetric vibrations of the methylene (-CHj;) group can be
observed at ~722, ~2853 and ~2924 cm~!, while the bands seen at ~1405 and ~1540 cm ™!
correspond to the stretching of the C=O group; finally, a low-intensity band can be seen at
~3006 cm ! related to the stretching of the C-H group. These bands can be attributed to the
presence of the OA molecule on the surface of the PbS QDs [22]. In the case of the capping
ligand-exchanged PbS QDs, the intensity of the bands observed at ~2853 and ~2924 cm ™!
decreased considerably, while the band at ~722 cm~! cannot be detected (Figure 4a); for the
case of the bands observed in the region between 500 and 1700 cm !, new signals appeared,
others disappeared and others changed in intensity; all these observations support the
idea of the capping ligand exchange occurring in the studied samples. Analyzing each
specific case separately, we can see that for the EDT ligand-exchanged sample, a new band
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appeared at ~825 cm~! related to the C-S group present in the EDT molecule [22]. For
the case of the TBAI ligand-exchanged sample, it can be seen that all the signals related
to vibrations of the C-H groups disappeared (Figure 4a), a fact that has been previously
reported in the literature as evidence of the OA ligand exchange for TBAI [23]. Lastly, for
the L-Cys ligand exchange, it has been reported that the L-Cysteine molecule displays
bands at ~1588 cm~! and at ~1650 cm ! related to the asymmetric stretching vibration of
the carboxylate (COO-) group and the bending mode of the -NH; group, respectively [24];
both signals can be observed in the PbS-L-Cys sample (Figure 4a), which confirms the
presence of the L-Cysteine molecule on the surface of these ligand-exchanged PbS QDs. It
can also be noted that a clear signal related to the functional group -OH can be observed
in the samples after the ligand exchange procedure (Figure 4a); this is a consequence of
the ligand exchange process, and it is attributed to the solvent used during this process
(ethanol) and the fact that the samples were dispersed in ethanol right before the FTIR
analysis was performed. It is worth noting that for the case of the EDT ligand exchange,
the bands related to the C=0 and -CH, functional groups, possibly from the OA molecule,
are still present, with a lower intensity than in the PbS-OA sample but a higher intensity
than in the other ligand-exchange samples. This could be related to the presence of OA
molecules on the surface of the PbS QDs exchanged with EDT, which could be associated
with a less effective ligand exchange process.
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Figure 4. (a) FTIR and (b) Raman spectra obtained for the PbS QDs with different capping ligands.

Figure 4b shows the Raman spectra acquired for the different PbS QDs with the
different capping ligands in the region between 0 and 1000 cm~!. For the PbS QDs with OA
as the capping ligand, two clear peaks can be observed at 81 cm~! and 135 cm~!. Sample
PbS-EDT showed peaks at 40 em !, 68 em™1, 125 ecm ! and 962 cm~ 1. The PbS QDs
with L-Cysteine as the capping ligand showed five different peaks at 34 cm~!, 62 cm™!,
89 cm~!, 137 ecm~! and 962 cm !, and some of them are similar to the peaks observed in
the previous sample. Finally, sample PbS-TBAI showed four peaks at 42 cm™!, 80 cm ™!,
136 cm ™! and 963 cm ™. For bulk PbS and microcrystalline PbS, transverse acoustic (TA)
phonon modes have been reported at 48 cm ™!, whereas longitudinal acoustic (LA) modes
have been reported at 84 cm ! [25]. The TA phonon mode could be related to the signals
observed in the PbS QDs around 40 cm !, like the peak at 40 cm ! in the PbS-EDT sample
and the peak at 42 cm ! in the PbS-TBAI sample, while the LA phonon mode signal could
be related to the peak seen at 81 cm ™! in the PbS-OA sample, the peak at 89 cm ™! in the
PbS-L-Cys sample and the peak at 80 cm~! in the PbS-TBAI sample. The variations in the
final value of the phonon vibrations might be a consequence of the interactions between
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the capping ligand molecule and the QDs’ surface atoms, which might produce variations
in the interplanar/interatomic distances on the surface of the QDs as part of the surface
reconstruction effects previously reported in nanoparticles [26,27]. These variations in the
distances between neighboring atoms will have a direct effect on the vibrational behavior
displayed by the QDs. Additionally, several peaks between 34 cm~! and 68 cm~! appear
in these samples, without clear connections to the vibrational modes observed in bulk
PbS. These additional peaks might be related to the mechanical softness displayed by QDs’
surface [28], which affects surface phonons by making them exhibit reduced symmetry
and low energies [28]. It has been proposed that another consequence of this mechanical
softness is the generation of a large number of low-energy surface phonons on QDs, with
up to 200 possible additional vibrational modes [28]. The appearance of byproducts due to
the degradation/photo-oxidation of PbS QDs due to the interaction with the laser from the
equipment during Raman analyses has also been previously reported [29]; these signals
are found between 100 cm~! and 1000 cm~!. The peaks seen at 136 cm~ 1, 137 em ™1,
125 cm~! and 135 cm™! in the PbS-TBAI, PbS-L-Cys, PbS-EDT and PbS-OA samples,
respectively, can be attributed to the Pb-O-Pb stretching in lead oxide, as has been previously
reported [29]. The oxidation of the anion in PbS QDs gives rise to peaks within the 600 cm !
to 1000 cm~! range, which are associated with the formation of SOy species, specifically,
lead sulfate, PbSOy4 [29]. The peaks at 967 cm 1, 963 em~! and 962 cm ! seen in the
PbS-L-Cys, PbS-TBAI and PbS-EDT samples, respectively, can be attributed to the presence
of PbSOy in these samples [13,29].

XPS analyses were performed for all the synthesized samples. These results showed
the variations produced by the capping ligand-exchange process in the chemical state of
the QDs’ surface atoms. Figure 5 shows the high-resolution XPS spectra corresponding
to the Pb4f peak of the four samples studied. In the PbS-OA sample, the deconvolution
analysis resulted in two signals (Figure 5a), two peaks observed at ~137 eV and ~142 eV,
which can be attributed to the PbS 7/2 and PbS 5/2 peaks from the Pb-S bond, respectively,
while the second signal, located at ~139 eV and ~144 eV, can be attributed to the presence
of PbSOy or PbO in the sample [30]. The PbS-EDT sample (Figure 5b) showed the same
signals, with a clear difference in the ratio between the intensities of the peaks related to
the PbS signal and the peaks related to the PbSO,4/PbO signal. A larger ratio is observed
in the PbS-EDT sample, which can be interpreted as a lower presence of PbSO4 or PbO in
this sample, which can be attributed to a more stable sample under atmospheric conditions
due to an improved surface protection of the capping ligand on the QDs’ surface. Figure 5¢
shows the XPS spectra for the Pb4f peak from the PbS-TBAI sample. In this case, two peaks
can be observed at ~137 eV and ~142 eV, which can be attributed to the PbS 7/2 and PbS
5/2 peaks from the Pb-S bond, respectively [31]; two additional peaks of lower intensity
can be observed at ~139 eV and ~144 eV, which are signals related to the Pb-I bond, as
has been previously reported [31]. This evidence, along with the FTIR and Raman results,
contributes to supporting the idea that the OA is replaced by the TBAI during the capping
ligand exchange process. Moreover, the absence of signals related to the degradation of
PbS to PbSO4 and/or PbO suggests that this capping ligand exchange produces PbS QDs
with higher stability in ambient conditions. Finally, Figure 5d shows the XPS spectra for
the Pb4f peak from the PbS-L-Cys sample, where only the two peaks related to the PbS 7/2
and PbS 5/2 signals of the Pb-S bond can be observed [30]; just like in the previous case,
the absence of other signals related to the degradation of PbS suggests the production of
QDs with improved stability in ambient conditions due to the capping ligand exchange
with L-Cysteine producing better-capped QD surfaces.
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Figure 5. XPS Pb4f peak for the PbS QD samples with different capping ligands: (a) OA, (b) EDT,
(c) TBAI and (d) L-Cys.

Figure 6 shows the XPS S2p peak for the different samples studied. Figure 6a
shows the S2p peak for the PbS-OA sample, where four different signals can be observed.
At ~160 eV and ~161 eV, the peaks correspond to the S2p3/2 and S2p1/2 signals, respec-
tively [32], and the peaks at ~167 eV and ~170 eV indicate the presence of oxysulphides,
such as SO32~ and SO42, which are products of S oxidation [33]. For the case of the PbS-EDT
sample (Figure 6b), again, the signals related to the Pb-S bond can be observed at ~160 eV
and ~161 eV (S2p3/2 and S2p1/2, respectively) [32], while the peak at ~163 eV corresponds
to the presence of poly-sulfurs (S,27), found on EDT molecules in the capping ligand [34].
There is also a signal observed at ~165 eV, which is related to the C-5/5-5 bonds, also found
on EDT molecules [35]; finally, the signal observed at ~168 eV is related to the oxidation of
S, as previously mentioned [33].

The XPS spectra corresponding to the PbS-TBAI sample (Figure 6¢) show only two
signals at ~160 eV and ~162 eV, with both signals attributed to the S2p3/2 and S2p1/2
peaks, respectively, observed in the Pb-S bond [32]; again, the absence of signals related to
the degradation of PbS suggests a successful and effective ligand exchange procedure nd
improved surface passivation. Finally, for the case of the PbS-L-Cys sample (Figure 6d),
the S2p peak shows several signals. The peaks at ~160 eV and ~161 eV correspond to the
S2p3/2 and S2p1/2 signals, respectively, found in the Pb-S bond [32]; additionally, a peak at
~163 eV can be seen, related to the S-H interaction found in L-Cysteine molecules [36], while
the peak observed at ~165 eV corresponds to the presence of oxidized S atoms (SO5327) [33];
in this case, the oxidized S atoms could be from the L-Cysteine molecule, because the Pb4f
peak from this sample (Figure 5d) did not show a signal related to the presence of PbSOs.
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Figure 6. XPS S2p peak for the PbS QD samples with different capping ligands: (a) OA, (b) EDT,
(c) TBAI and (d) L-Cys.

For the case of the NHMs, several bands were observed in their FTIR spectra
(Figure 7a). In the PbS-EDT/GO sample, a band at ~825 cm~! can be seen and is at-
tributed to the C-S group vibration [22]; at ~1416 cm ™!, another signal can be observed,
which corresponds to the vibration of the -CHj3 group found on GO [37]; at ~1629 cm 1, a
band can be observed related to the vibration of the -CH; group, while the bands observed
at ~2917 cm~! and ~3429 cm ! correspond to the vibrations of the C-H and O-H groups,
respectively [37]. Similarly, for the nanostructured hybrid material (NHM) PbS-L-Cys/GO,
a band can be observed at ~845 cm ™!, which corresponds to the S-H group vibration; at
~1582 cm ™!, the signal related to the C-O stretching can be seen; at ~1618 cm ™!, a signal
corresponding to the C=0 group can be observed, while the bands detected at 3100 cm !
and ~3413 cm~! correspond to the stretching of the OH and NH, groups, respectively [37].
For the case of the PbS-TBAI/GO hybrid material, different bands were observed at
~610 cm !, corresponding to the vibration of secondary amide NH-C [38]; two bands
characteristic of the C-O group stretching were observed at ~1070 cm~! and ~1385 cm™};
at ~1625 cm ™!, a signal appears that is related to the vibration of the C=0O group; finally,
the bands observed at ~2919 cm~! and ~3388 cm~! correspond to the characteristic vi-
brations of C-H and O-H stretching [37], respectively. The FTIR spectra of the GO are
also presented in Figure 7a, where the characteristic bands of GO can be observed. At
~1075 cm~! and ~1385 cm ™!, bands attributed to the vibrational modes of the epoxy (C-O-
C) and carboxyl (COOH) groups can be seen [37], respectively; at ~1260 cm ™1, another band
related to the stretching of the C-O-C group can be observed, while the bands appearing
at ~1625 cm ! and ~1725 cm ™! correspond to the stretching and vibration of the carbonyl
group (C=0) [37,39]; finally, the bands observed at ~2910 cm ! and ~3401 cm ! correspond
to the vibrations of the C-H and O-H groups, respectively [37].
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Figure 7. (a) FTIR spectra of the NHMs based on different capping ligands PbS QDs/GO. Raman
spectra of the NHMs based on different capping ligands PbS QDs/GO: (b) region comprising the D
and G signals from GO; (c) region comprising the phonon vibrations in PbS QDs.

The Raman spectra for the NHMs can be observed in Figure 7b,c. Particularly, Figure 7¢
shows the region corresponding to the phonon vibrations observed in PbS QDs, where
clear signals can be detected between ~30 cm ! and ~144 cm™~!. The peaks observed at
~82cm~1, ~81 cm~! and ~76 cm ! in the PbS-EDT/GO, PbS-TBAI/GO and PbS-L-Cys/GO
samples, respectively, might be related to the LA phonon vibrations in PbS QDs previously
discussed in this manuscript, which differ from the values measured in only the PbS QD
samples. For the case of the PbS-EDT sample, no clear peak was observed close to this
value, while for the case of the PbS-TBAI and PbS-L-Cys samples, the peaks were observed
at 80 cm~! and 89 cm ™!, respectively. The peaks detected at ~33 cm~!, ~37 cm~! and
~30 cm ! in the PbS-EDT/GO, PbS-TBAI/GO and PbS-L-Cys/GO samples, respectively,
might be related to the TA phonon vibrations in PbS QDs previously discussed in this work.
The different PbS QD samples displayed peaks related to these TA phonon vibrations at
~40 cm ™!, ~42 cm~! and ~34 cm ™! in the PbS-EDT, PbS-TBAI and PbS-L-Cys samples,
respectively. The peaks observed at ~139 cm !, ~135 cm ™! and ~138 cm ™! in the PbS-EDT,
PbS-TBAI and PbS-L-Cys samples, respectively, are still related to the Pb-O-Pb stretching
in lead oxide, as has been previously discussed in this work. The variations in the values
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measured can be attributed to the interaction between the PbS QDs’ surface and the GO
flakes, which has a clear effect on the surface vibrational modes observed on the PbS
QDs. All the NHM s displayed a Raman peak at ~60 cm ™!, which could be related to the
formation of additional low-energy/low-symmetry phonon vibrations as a consequence of
the QD surface’s mechanical softness, as previously discussed in this paper. Finally, when
comparing the Raman spectra of the PbS QD samples after the capping ligand process
and the spectra for the NHMs, it can be observed that the Raman spectra for the PbS QD
samples showed very different surface phonon vibrations in the range between 25 cm™!
and 100 cm~!, not only in the values of the peaks observed but also in their intensities
(Figure 4b), whereas in the NHM samples, the peaks observed, and their relative intensities,
are similar in all three cases. These observations suggest that the surface phonon vibrations
observed in the PbS QDs after the hybrid material is formed are strongly determined by the
interactions between the GO flake (functional groups) and the PbS QDs’ surface, promoting
the formation of the surface phonon modes observed in Figure 7c.

Figure 7b shows the region where the D and G band for GO can be observed
(~1250-~1700 cm~1). The D band is located at ~1347 cm™! and relates to the defects
and structural disorder found on the GO flakes [40]; this band is also related to the vibra-
tional modes indicating the presence of sp> hybridization between C atoms. The G band is
located at ~1594 cm~! and can be attributed to the in-plane stretching vibration of the C
bonds with sp? hybridization in the GO flakes [40]. All NHM samples displayed the D and
G bands at the same values, which is a confirmation of the presence of GO in the NHMs
with the PbS QDs with different capping ligands. Slight variations in the ratio between the
intensities of the D and G bands were seen between the different samples. While in the
PbS-TBAI/GO and PbS-L-Cys/GO samples, the D band shows a higher intensity than the
G band, indicating more disorder /higher presence of sp hybridization in the structure of
the GO flake, the PbS-EDT/GO sample displays a G band that is slightly higher than the D
band—more similar to the GO spectra—which can be attributed to fewer defects on the
GO flake structure or less disorder /higher presence of sp? hybridization between C atoms
or less interactions with surface functional groups. Table 2 shows the Tuinstra—Koenig ratio
(Ip/Ig), which shows the ratio between the D band and G band intensity in the different
samples. It has been reported that lower values for this ratio indicate a decreased level of
defects and more sp? hybridization in the GO structure [40].

Table 2. Tuinstra—Koenig ratio (Ip/I¢) for the different NHM samples and the GO.

Sample % (a.u.)
GO 0.9052
PbS-EDT/GO 0.9156
PbS-L-Cys/GO 1.1698
PbS-TBAI/GO 1.0133

Following the analysis of the NHMs, the XPS spectra were acquired. For these analyses,
the Cls and the Pb4f peaks were studied. For the case of the Cls peak, the GO sample
(Figure 8a) displayed three signals at ~288 eV, ~287 eV and ~284 eV, which correspond to
the functional groups C=0, C-O-C and C-C [41], respectively.
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Figure 8. XPS Cls peak for the different samples analyzed: (a) GO, (b) PbS-EDT/GO, (c) PbS-
TBAI/GO and (d) PbS-L-Cys/GO.

In the PbS-EDT/GO sample (Figure 8b), the same signals were observed as in the GO
sample, with the only difference being observed in the intensity of the epoxy group (C-O-C)
signal, which decreased considerably in the PbS-EDT/GO sample. For the case of the PbS-
TBAI/GO sample (Figure 8c), the same signals were observed; again, the only difference
between this sample and the previous one was the intensity of the signals deconvoluted
for the different functional groups. Finally, for the PbS-L-Cys/GO sample (Figure 8d),
four signals were obtained at ~284 eV, ~286 eV, 287 eV and ~288 eV, corresponding to the
presence of the C-C, C-N, C-O-C and C=0 functional groups [41], respectively. Figure 9
shows the XPS Pb4f peak for the NHMs analyzed. In all three samples, the peaks observed
at ~138 eV and ~143 eV correspond to the PbS 7/2 and PbS 5/2 peaks, respectively, of the
Pb-S bond [30]. In the PbS-TBAI/GO sample (Figure 9b), an additional signal at ~140 eV
and ~145 eV can be detected, which is related to the Pb-I bond found in the sample [31].

All these results (FTIR, Raman and XPS) confirm the formation of the hybrid materials
in solution, because clear signals related to the PbS QDs with different capping ligands
and GO are present in all the results from the characterization techniques. Particularly,
Raman spectroscopy showed clear signals of the PbS QDs’ surface phonon vibrations and
the D and G bands of the GO (Figure 7). Additionally, Raman spectroscopy suggested
a strong interaction between the PbS QDs and the GO flakes, reflected by the variations
observed in the Raman spectra of the hybrid materials and the PbS QDs. Moreover, the XPS
results contributed more evidence on this regard, as the Cls peak showed clear differences
between the three samples, especially when compared to the GO sample. The clear decrease
in the intensity of the C-O-C signal in the C1s peak in the PbS-EDT /GO sample suggests
a reduction in the GO due to the interaction with the PbS QDs and their capping ligand;
additionally, the Pb4f peak for this same sample did not show any signals related to the
degradation/oxidation of PbS, which suggests a strong interaction of the PbS QDs and the
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GO flakes that is not only reducing the GO but is also increasing the ambient stability of the
PbS QDs when they are forming the hybrid material. Moreover, the lower Tuinstra-Koenig
ratio for this same sample also supports the strong interaction between the PbS QDs’ surface
and the GO flakes, which contributes to the restoration of the sp? hybridization between the
C atoms in the GO. For the case of the PbS-TBAI/GO sample, the Raman results (Tuinstra—
Koenig ratio) suggest increased disorder in the GO compared to the GO before the hybrid
material formation, which can be attributed to the larger capping ligand molecule that
prevents a more intimate interaction with the GO flake, like in the PbS-EDT case. The
XPS C1s peak for this sample also showed a decrease in the C-O-C signal compared to
the GO sample before the hybrid formation, but it was not as clear as in the PbS-EDT
case. The XPS Pb4f peak for this sample suggests the same ambient stability observed
in the PbS-TBAI sample before the hybrid formation. Finally, the PbS-L-Cys/GO sample
showed remarkably comparable results to the PbS-TBAI/GO sample, as their Tuinstra—
Koenig ratios were remarkably similar and the ambient stability of the PbS QDs seemed
to be similar before and after the hybrid formation. The main difference between these
two samples was observed in the C1s peak, where several signals related to the functional
groups found on L-Cysteine molecule were observed. Based on the FTIR, Raman and XPS
results shown in this work, it is suggested that chemical bonds (covalent) and Van der
Waals interactions are taking place in this type of NHM, as has been previously reported
by other authors [42—44]. The FTIR and XPS results suggest a strong chemical interaction
occurring between the capping ligand molecules on the QDs’ surface and the GO flakes, as
a chemical reduction is happening in the GO due to the replacement of O-rich functional
groups on their surface by the molecules in the capping ligands, whereas the Raman spectra
also suggest an interaction between the atoms on the surface of the PbS QDs and the GO
flakes, based on the variations observed in the QDs’ surface vibrations. Further studies
will be required to make a precise determination of the importance and prevalence of both

mechanisms.
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Figure 9. XPS Pb4f peak for the different NHMs: (a) PbS-EDT/GO, (b) PbS-TBAI/GO and
(c) PbS-L-Cys/GO.

The most relevant TEM results of the studied NHMs are shown in Figure 10. In
all samples, the GO flakes can be observed to be “decorated” by the PbS QDs; however,
the PbS QDs can be seen to form agglomerates on the GO flakes. In the PbS-EDT/GO
sample, the GO can be observed with “folds” close to the center of the image, and the
PbS-EDT QDs are observed to form agglomerates that are randomly distributed on the
GO flakes. HRTEM images from this sample (Figure 10b) show a higher magnification
of the PbS QD agglomerates, where a clear lattice resolution can be seen on the PbS QDs,
showing the high crystallinity of the ligand-exchanged PbS QDs, whereas the contrast
observed in the region of the GO flake corresponds to the contrast observed in amorphous



Appl. Nano 2025, 6,7 16 of 22

materials. Comparable results can be observed for the other two NHMs. The PbS-TBAI/ GO
sample also showed clear aggregates of PbS QDs that were randomly distributed on the GO
flakes (Figure 10c); again, higher-magnification images showed amorphous contrast in the
region corresponding to the GO flake and crystalline contrast in the PbS QD agglomerates
(Figure 10d). Finally, images of the PbS-L-Cys/GO sample showed the same trend, a high
number of PbS QDs agglomerates randomly distributed on the GO flakes (Figure 10e),
while HRTEM images (Figure 10f) showed the high crystallinity of the PbS-L-Cys QDs and
the amorphous nature of the GO flakes.

Figure 10. TEM and HRTEM images for the different NHMs: (a,b) PbS-EDT/GO, (c,d) PbS-TBAI/GO
and (e,f) PbS-L-Cys/GO.
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Thin films deposited from the NHMs via spin coating were studied using SEM. Surface
morphology and quality were determined based on this analysis, and the most relevant
results are shown in Figure 11. In all three cases, at lower magnification, the thin films
seemed to be homogenous, covering the substrate with a good surface quality; however, as
the magnification was increased, the quality of the surface was not as good as originally
observed. At higher magnifications, the GO flakes could be observed, and the PbS QD
agglomerates, previously observed with TEM, were also clearly seen in enormous quantities

randomly distributed on the GO flakes all over the thin films. The same results were
observed in all three NHMs studied.

Figure 11. SEM images for the surface of thin films based on the different NHMs: (a,b) PbS-EDT /GO,
(c,d) PbS-TBAI/GO and (e,f) PbS-L-Cys/GO.
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Finally, the I-V curves and photoresponse were acquired for the different NHMs’ thin
films, and the results obtained are shown in Figure 12. I-V curves for all three NHMs’
thin films displayed an ohmic response, as indicated by the linear dependence between
the applied voltage and the measured current (Figure 12a). The values of the measured
currents were in the range of 10710 A, while the resistance calculated for these NHMs’
thin films was in the range of 107! Q); such a high resistance value is related to insulator
materials, materials with low charge carrier mobilities due to the obstacles found by the
charge carriers when moving through this kind of material. This electrical behavior can
be related to the FTIR and XPS results previously discussed, where the presence of O-rich
functional groups was observed in the GO. The presence of these functional groups reduces
the mobility of the charge carriers through the GO structure. Moreover, the TEM and
SEM results showed that the PbS QDs formed large agglomerates that were randomly
distributed on the GO flakes throughout the NHMs’ thin films, also affecting the thin films’
surface quality. These factors negatively affect the charge carrier mobility through the
NHMs'’ thin films, producing very low currents. The PbS-EDT/GO sample showed the
lowest resistance and the highest current measured, as it was the NHM with the lowest
signal related to the presence of O-rich functional groups, as was observed in the XPS
results previously discussed (Figure 8b). On the other hand, the three NHMs’ thin films
displayed a clear photoresponse, with a low photogenerated current in the range of nA
(Figure 12b—d). Hybrid material PbS-EDT /GO (Figure 12b) displayed a photogenerated
current of ~2.8 nA, while the PbS-L-Cys/GO sample (Figure 12d) showed a photogener-
ated current of ~0.02 nA and the PbS-TBAI/GO sample had a photogenerated current of
~0.007 nA. Even though all three NHM samples displayed a clear photogenerated current
when exposed to light, a more symmetrical response in the photocurrent curve, along with
the highest value, was observed in the PbS-EDT/GO sample. Such low values for the
photogenerated current in the NHMs indicate a poor charge carrier transfer from the PbS
QD:s to the GO. This could be related to several factors, one of them being the presence of
the O-rich functional groups in the GO, as shown in the XPS results, which affects the work
function of the GO flakes, hence, affecting the valence and conduction band values, as has
been previously reported [6,45]. Because PbS-EDT /GO sample showed a clear decrease
in the C-O-C signal in the XPS spectrum, which can be associated with some degree of
reduction in the GO, thus improving the charge carrier transport and transfer properties in
the GO, this could partially explain the superior charge transport and transfer properties of
this NHM sample. Additionally, surface chemistry and crystallography can also affect PbS
QDs’ electronic structure, as previously reported [12,13,46]. The capping ligand-exchange
procedure changes the electronic structure of the PbS QDs, varying their HOMO and
LUMO levels. The proper alignment between these HOMO and LUMO levels in the PbS
QDs with the valence and conduction bands in GO will determine if there is an effective
charge carrier transfer between these nanostructures, as has been reported elsewhere [6,45];
moreover, it has also been reported that the interaction between PbS QDs with EDT as the
capping ligand and GO produces a band alignment that promotes the transfer of photo-
generated electrons from PbS QDs to GO [6,45]. It is proposed that in the PbS-TBAI/GO
and PbS-L-Cys/GO samples, the HOMO and LUMO levels in the PbS QDs after the ligand
exchange do not align properly with the valence and conduction band levels in GO after
the hybrid material is formed, preventing an effective charge carrier transfer between these
nanostructures and, hence, producing lower photogenerated currents. Further studies are
needed to confirm this interpretation.
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Figure 12. (a) I-V curves obtained from the NHMs' thin films. Photoresponse for the different NHM
samples: (b) PbS-EDT/GO, (c) PbS-TBAI/GO and (d) PbS-L-Cys/GO.

4. Conclusions

In summary, three different NHMs were synthesized in solution by combining capping
ligand-exchanged PbS QDs with GO. Capping ligand exchange was successfully performed
on OA-capped PbS QDs, replacing the OA molecules with EDT, TBAI and L-Cysteine in
solution. UV-Vis-NIR absorption peaks for the ligand-exchanged samples displayed red
shifts in their maximum absorption peak due to an increase in the average particle size and
the formation of agglomerates. Additionally, the PL results also showed a red shift in the
emission peak for the ligand-exchanged samples, with variations in the Stokes shift for the
different samples related to surface trap states produced by each capping ligand molecule
on the surface of PbS QDs. TBAI showed the smallest Stokes shift, which suggests an
improved surface passivation of the PbS QDs. Complementarily, FTIR confirmed a decrease
in the signals’ intensities related to the OA molecule and the appearance of different signals
corresponding to the different molecules used in the ligand exchange procedure (EDT, TBAI
and L-Cys). Moreover, Raman results evidenced the effect of the ligand exchange on the
surface vibrational properties displayed by PbS QDs and also how these surface vibrational
properties changed when the hybrid materials were formed. XPS results also provided
evidence on the successful capping ligand exchange in solution procedure developed in
the current work; these results also suggested an improved surface passivation by the TBAI
and L-Cysteine molecules, as these capping ligand exchanges prevented more effectively
the degradation/oxidation of PbS QDs. The XPS results also showed that the interaction
between the PbS-EDT QDs and the GO at the time when the hybrid material was formed
reduced the GO to some degree, because it significantly decreased the intensity of the C-O-C
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signal in the Cls peak in the resulting hybrid material; consequently, that had an important
effect on the final optoelectronic properties displayed by the NHM. The XPS results also
suggested that the hybrid material formation, hence, the interaction between the PbS QDs
and the GO flakes, improved the ambient stability of the PbS QDs, as no clear signals could
be observed in the NHM samples that were related to the degradation/oxidation of the
PbS QDs. TEM results showed that the ligand-exchanged PbS QDs formed agglomerates
on the GO flakes rather than being distributed homogenously on their surface; these
results also showed that these PbS QD aggregates were randomly distributed on the GO
flakes, characteristics that had a major impact on the optoelectronic properties displayed
by the synthesized NHMs. Even though the currents measured on these NHMs were
exceptionally low—in the nA range—they exhibited clear photogenerated currents when
exposed to light. The PbS-EDT /GO sample was the one with the lowest resistance and the
highest photogenerated current among the synthesized NHMs, as a consequence of the
proper band alignment between the HOMO/LUMO levels in the PbS-EDT QDs and the
valence and conduction bands in the GO; this promoted the transfer of the photogenerated
electrons from the PbS-EDT QDs to the GO increasing the photocurrent; while the reduction
of the GO, produced by its interaction with the PbS-EDT QDs, as evidenced by the XPS
results, improved its conductivity. In general, these results show the significant impact
that surface chemistry has on the optoelectronic properties of QDs and GO and the hybrid
materials produced based on them. It was evident that gaining a complete understanding of
their surface chemistry, vibrational modes, crystallography and interactions is paramount
to understanding the final optoelectronic properties displayed by this type of NHMs.
These results provide a methodology for producing affordable, solution-processed hybrid
materials based on PbS QDs and GO with a tunable optoelectronic response.
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