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A B S T R A C T

Dye-sensitized solar cells have attracted a lot of research interest due to the quest for an alternative energy supply
given that it is cost-effective and its materials are easily available. However, the need to improve the conversion
efficiency of these solar cell devices has necessitated the search for new materials that will lead to more energy
conversion. One of such material of interest is tin (II) sulfide (SnS). In present study, we report results from the
synthesis of hexadecylamine (HDA)-capped SnS and uncapped SnS photosensitizer using a molecular precursor.
The efficiency of the photon absorbers, their morphological, structural and electrochemical properties were
examined using different techniques. Both photosensitizers displayed X-ray diffraction (XRD) peaks within the
range 26.03�

–66.05�, which corresponds to orthorhombic structure. Field Emission Scanning Electron Microscope
(FE-SEM) and High-Resolution Transmission Electron Microscope (HRTEM) further revealed that HDA-capped
SnS has a better morphology and size distribution. UV–Vis analysis shows that the HDA-capped SnS exhibits
strong absorption in the entire visible region which is attributed to perfect orientation. The HDA-capped
photosensitizer superiority was linked to well reduced electron recombination and electron lifetime. The addi-
tion of HDA capping agent improved the J-V performance with a new conversion efficiency of 8.20%. Results
obtained from present work proselytize the concept of using capping agent as an approach for improving the
quality of photon absorbers.
1. Introduction

Providing an affordable and sustainable source of energy to meet the
ever-growing energy demand has prompted researchers to focus on solar
photovoltaic (PV) source of energy that will enhance and sustain the
world economic growth. Solar photovoltaic has promising prospects
based on the conversion efficiency obtained frommaterials like cadmium
telluride (CdTe), wafers, copper indium gallium selenide (CIGS) and
crystalline silicon (c-Si) [1]. One major challenge of PV electricity re-
mains the price of electricity per kWh. This limitation can be solved by
reducing the production cost or enhancing the conversion efficiency,
with new materials that are less toxic and better conversion efficiency.
Developing cost-friendly and environmentally hazard-free materials in
abundance, benefits not only the PVmarket but also the ecosystem [1–3].
The increasing interest in thin-film semiconductors is linked to their
potentials in solid-state applications, like photoelectrochemical, photo-
voltaic, solar cells, photoconductive cells, sensors, polarizers and many
.
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more [4,5]. SnS has distinguished itself among metal chalcogenides with
excellent characteristics such as environmental friendliness, cheapness,
non-toxicity and natural abundance [6,7]. SnS is employed in various
applications such as lithium-ion batteries, gas sensors, photocatalysts,
electrical switching, optoelectronic and solar cells due to its suitable
properties. Furthermore, the high absorption coefficient of 104 cm-1 at
wavelength range 400–1200 nm makes SnS more suitable for photovol-
taic applications such as quantum dot sensitized solar cells (QDSSCs)
which deals with the shortfall of ideal dyes sensitized solar cell DSSCs
[7–13]. This accounts for the adoption of SnS as an absorber layer in
photovoltaic applications.

However, the highest recorded conversion efficiency of SnS is 4.4%
which is a major shortfall in the thin-film solar cells [14]. This limitation
is directly linked to the grain size of SnS resulting in defects of the
high-density grain boundary, which acts as carrier recombination centres
[14–16]. This carrier recombination affects conversion efficiency and
low open-circuit voltage (Voc), which is due to off-stoichiometry, poor
d 7 January 2022
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Scheme. 1. Schematic diagram for the fabrication and assembling of uncapped SnS and HDA-capped SnS photosensitizer in QDSSCs.
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morphology, impurity arising from defects inside the thin-film and mis-
aligned bandgap near the interface [15,17]. Other challenges such as
uneven morphology or thickness, misfits of the electrical contacts be-
tween the buffer and SnS layer resulted in many defects inside the film
[15,18,19]. Also, higher temperature on the substrate surface may cause
multiple nucleation centres, increased density of defects and mid band
gap trap levels [2]. Therefore, the introduction of a new and better ma-
terial that will enhance the microstructure and surface morphology
through different deposition approaches and post-treatment condition is
vital [8]. Various approaches have been adopted for the fabrication of
SnS thin films such as hydrothermal, electrochemistry, pulse electrode-
position, sulfurization, radio frequency (RF) sputtering, chemical vapour
deposition, atomic layer deposition, successive ionic layer adsorption
and reaction (SILAR), vacuum evaporation, chemical bath deposition,
direct deposition and chemical spray pyrolysis [6,20–23]. However,
these approaches could not give precise size distribution. The
single-source precursor approach has produced high quality quantum
dots (QDs) nanocrystals size and shape at low temperature, using capping
agents as a catalyst to protect the surface morphology [24,25]. The
present study employed the single-source molecular precursor route to
synthesize SnS QDs photosensitizes, with better structural, morpholog-
ical and particles size distribution. The direct deposition was used to
sensitize the coated titanium dioxide (TiO2) with SnS QDs photosensi-
tizers by immersing both together for 24 h in a solution. This study re-
ports on the characterization and performance of SnS-nanocrystal
sensitizers thermalized from a molecular precursor.

2. Materials and methods

2.1. Materials

All solvents were of the highest purity (99.9%), supplied by Merck
(Johannesburg, South Africa) andwere used without further purification.
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Ammonia solution, diethyl ester, carbon disulphide (CS2), methanol,
toluene, octylamine, Iso-propane amine, tin (II)Chloride dihydrate (SnCl2
� 2H2O) salts, water, oleic acid (OA), methanol and hexadecylamine
(HDA). The complete test kits containing platinum and TiO2 Fluorine-
doped Tin Oxide (FTO) substrate, iodide HI-30 electrolyte, chenodeox-
ycholic acid (CDC), masks, hot seal and gaskets were supplied by Solar-
onix Company (Aubonne, Switzerland).

2.2. Synthesis of bis(N-diisopropyl-N-octyldithiocarbamato)tin(II) ligands
and complexes

In a distinctive synthesis process as seen in (Scheme 1), a blend of
octylamine of (16.5480 mL) and (30 mL) of ice-cold ammonia aqueous
concentration was added with ice-cold CS2 of (6.043 mL) and stirred for
1 h. A white precipitate colour was formed; this was later washed with
diethyl ether and dried before characterization. Yield: ((14.8493g)
(89.74%)). 1H-NMR (400 MHz, DMSO‑d6, δ): ¼ 2.50 (s, 6H, DMSO),
3.22–3.39, (6H, m, –CH3). Selected IR (KBr): ν ¼ 1470 (C–N), 939 (C–S),
3195 (N–H), 2920 (CH3), 2955 (CH2). Ammonium N-diisopropyldithio-
carbamate (Di-IsoprDTC) ligands were prepared following a similar
procedure, using (9.64 mL) (0.1 mol) of Di-IsoprDTC. Yield: ((1.462g)
(32.00%)). 1H-NMR (400 MHz, DMSO‑d6, δ): ¼ 1.3 (t, 2H,–CH2), 3.4 (s,
2H,–NH), 0.9 (t, 3H,–CH3). Selected IR (KBr): ν ¼ 1470 (C–N), 1095
(C–S), 3381 (N–H), 2821 (CH3).

For the complexes, metal salts of tin (II) Chloride dehydrate (SnCl2 �
2H2O) (0.6953g (2.5 mmol)) was mixed with distilled water of (15 mL)
and added to (0.4859g (2.5 mmol)) of disoprDTC and OctDTC of
(0.5555g (2.5 mmol)) was dissolved in (15 mL) of distilled water at ratio
1:1:1. The synthesis was stirred for 2h at room temperature (RT). As soon
as the final products was obtained, the synthesis was completed by the
filtration and washing of the products with methanol. The synthesized
complex was dried at RT. Yield: (0.7707g (48.01%)), melting point:
(202.7–204.9�C). 1H-NMR (400 MHz, DMSO‑d6, δ): ¼ 2.50 (s, 6H,



Fig. 1. TGA Spectra of bis(N-diisopropyl-N-octyldithiocarbamato)Sn(II).

Fig. 2. XRD spectra of HDA-capped SnS and uncapped SnS nanoparticles.
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DMSO), 1.3 (s, 2H–CH2), 0.9 (t, 3H–CH3). Selected IR (KBr): ν ¼ 1511
(C–N), 1033 (C–S), 577 (M � S), 3210 (N–H), 2953 (CH3), 2923 (CH2).

2.3. Synthesis of uncapped and HDA-capped SnS nanoparticles

PerkinElmer TGA 4000 ThermoGravimetric Analyser (TGA) was uti-
lized to synthesize the uncapped SnS nanocrystals through the thermal
breakdown of bis(N-diisopropyl-N-octyl dithiocarbamato)tin (II) com-
plexes [26,27]. The end-product of the complexes was obtained as res-
idue, which resulted in the formation of uncapped SnS nanocrystals from
the final mass residue. HDA-capped SnS was synthesized according to the
literature method [28,29], while 3g of HDA was mixed with 0.20g of
bis(N-diisopropyl-N-octyldithiocarbamato)tin (II) complexes and 4 mL of
OA at 400 �C to control the particle size and for surface passivation.
20–30�C initial temperature was attained for the mixture of HDA to boil.
The reaction was stabilized at 400 �C and the process lasted for 1 h. The
reaction temperature was reduced to 70 �C afterwards 20 mL and about
50 mL of methanol were used to remove excess HDA and OA. Centrifu-
gation was used to partition the flocculent precipitate at 3500 rpm and
2058g equivalent for 30 min, and then the supernate was poured off and
washed several times. Low air pressure was used to remove the solvent
giving rise to HDA-capped SnS nanoparticles.

2.4. Fabrication and assembling of QDSSCs

QDSSCs was assembled according to literature [30] using FTO glass
substrate electrodes, 2� 2 cm2 of Platinum (Pt) and TiO2 with 6� 6mm2

active areas coated paste. Sensitization of the synthesized HDA-capped
SnS and uncapped SnS was done using warm water of 10 mL for each
samples with addition of co-adsorbents of CDC. TiO2 electrode was
immersed into the photosensitizers solution for 24 h. Commercial HI-30
iodide electrolyte at 0.05 M was utilized as mediating solution. The two
FTO glass substrate electrodes were held together, one coated with Pt and
the other with TiO2 along with the photosensitizers using polyethylene
and soldering iron. While the HI-30 iodide electrolyte was injected using
syringe.

2.5. Physical measurements

To understand the optical behaviour of the as-synthesized photo-
sensitizers, (1) thermal, (2) optical, (3) structural, (4) morphological and
(5) electrical techniques were used. (1) PerkinElmer TGA 4000 Ther-
moGravimetric analyser. (2) Absorption spectra were obtained from
UV–Vis spectrophotometer from PerkinElmer LAMBDA 365 and the
Photoluminescence of the nanomaterials was evaluated by LS 45 fluo-
rimeter from PerkinElmer. (3) NMR analysis was obtained from Bruker
AV-400 spectrometer operating at 400.13 MHz, 300 K, and a spinning
rate at 4 kHz. PerkinElmer Fourier Transform InfraRed (FTIR) spectro-
photometer with attenuated total reflection (ATR) resolution mode at 4
cm-1 utilizing a KBr/Ge beam splitter, ceramic light source, and a lithium
tantalate (LiTaO3) detector scanning from 4000 to 370 cm-1 in order to
identify the absorption spectrum of the functional groups of the mate-
rials. X-ray diffractometer was used to confirm the structural pattern of
both photosensitizers at the interval of 0.05� between 10 and 90�. Raman
spectra were obtain from a Confocal Raman AFM Imaging system (WiTec
GmbH) alpha300RS. A fiber coupled laser of wavelength 532 nm that has
an output power of 44 mW and a great yield control was utilize as the
excitation source. (4) FE-SEM Zeiss Auriga SEM outfitted with Energy
Dispersive X-Ray Spectroscopy were employed to identify the elemental
composition and the morphology of the photosensitizers were investi-
gated at 30 KV using JEOL JEM 2100 HRTEM operating at 200 kV. (5)
Electrochemical evaluation were carried out using Metrohm 85695
Autolab, while Platinum and TiO2 electrodes, with HI-30 iodide elec-
trode were used as reference electrodes. Cyclic voltammetry was per-
formed at scan rates between 0.05 and 0.35 V s�1 with an increment of
0.05 V s-1. Electrochemical impedance spectroscopy (EIS) was carried out
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in the frequency range between 100 kHz and 100 mHz. Current density-
voltage were collected through a Keithley 2401 source meter and a
Thorax light power meter. Lumixo AM1.5 light simulator and the lamp
was fixed at 50 cm and kept below 25�C at 100 mW cm-2 (AM1.5) to
avoid cells degradation.

3. Results and discussion

3.1. ThermoGravimetric analyser (TGA)

TGA and Derivative thermogravimetric (DTG) spectra of bis(N-diiso-
propyl-N-octyldithiocarbamato) Sn (II) precursor is presented in Fig. 1.
From Fig. 1, the thermal decomposition formations of Sn involves two
steps. The first breakdown step which occurred at 122 �C is due to the
presence of a small amount of moisture in the sample. The second
decomposition at 316 �C is linked to N-diisopropyl-N-octyldithiocarba-
mato ligand moiety, signifying the complete loss of organic moieties of
the ligands. The remaining mass residue contains the end product
(uncapped SnS) with 5.7% [31].

3.2. X-ray diffraction (XRD)

X-ray diffraction was employed to obtain the phase and structural
properties of HDA-capped SnS and the uncapped SnS nanoparticles. The
XRD patterns of HDA-capped SnS and uncapped SnS photosensitizers are
shown in Fig. 2. Eleven peaks of 2θ angle from 27.02� to 66.05� for the
HDA-capped SnS and 26.03�–66.04� for the uncapped SnS were
measured respectively. The XRD plots corresponds to orthorhombic SnS
structure (according to JCPDS 039–0354). The nanostructures were
polycrystalline which were confirmed by the HRTEMmicrographs shown
in Fig. 5, with orientation along (201), (210), (111), (301), (311), (511),
(610) and (512) for both photon absorbers.

The growth process through nucleation control revealed a preferen-
tial orientation of uncapped SnS and HDA-capped SnS [32,33]. It was
very clear that the (210) peaks were more intense in HDA-capped SnS



Fig. 3. Ramam spectra (a–c) A ¼ HDA-capped SnS, B ¼ uncapped SnS nanoparticles.

Fig. 4. FTIR spectra of HDA-capped SnS and uncapped SnS nanoparticles.
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compared to uncapped SnS, indicating an improvement in crystallinity.
Other peaks at 31.4�, 32.9�, 44.7� and 45.7� for HDA-capped SnS is due
to impurity from the HDA capping agent. The quality of HDA-capped SnS
could be linked to nucleating centres from the molecular precursor atoms
which favour the growth of SnS [34]. The crystallite size (D) and full
width at half maximum (FWHM) values of (111) peaks for the uncapped
SnS are 27.96 nm and 0.2587�, and 30.27 nm and 0.2523� for the
HDA-capped SnS. The size distributions increased for the capped SnS due
to the addition of HDA, while the presence of crystal defects and lattice
distortions in the uncapped SnS resulted in a decreased crystalline quality
of the uncapped SnS.

Orthorhombic SnS structure with space group Pnma-B16 2h exhibits
four unit cell molecules. This structure which is described as pseudo-
tetragonal have ‘Sn’ atom each surrounded by six ‘S’ atoms, three at a
shorter distance and three atoms at a longer distance. This is in agree-
ment with XRD observations of the standard d-spacing values which
corresponds to the (110) and (111) lattice planes of the orthorhombic
SnS.

The Raman spectra for the uncapped and HDA-capped SnS is shown in
Fig. 3(a–c). As previously described [35], orthorhombic structures has
been reported with 24 vibrational modes;

Γ ¼ 4Ag þ 2B1g þ 4B2g þ 2B3g þ 2Au þ 4B1u þ 2B2u þ 4B3u

while 21 optical phonons were observed, seven were infrared active
(3B1u, 3B3u, and 1B2u), two were inactive (2Au), and 12 were Raman
active (4Ag, 2B1g, 4B2g, and 2B3g). The Raman spectra shows identical
patterns for both photosensitizers with slight peak intensity variations.
Strong lattice vibrations which occurred at 66 and 71 cm-1 are ascribable
to the B1g modes as a result of the difference in concentrations of the
active groups. The vibrations at 171-290 cm-1 are associated with the SnS
primary phase [36] and identified in present study as Ag and B2g Raman
active modes. The appearance of a given mode depends on the incident
and scattering radiation directions parallel to any of the three axis (a, b,
c), scattered photons and electrical polarization of the incidence [37].
Specifically, the vibrations at 176, 219, 228 and 280 cm-1 for uncapped
4

SnS and peaks at 171, 214, 227 and 272 cm-1 for HDA-capped SnS are
associated with the Ag modes. These peaks positions corresponds with
the α-phase SnS from literature. Furthermore, the Raman peaks at 189,
290 cm-1 for uncapped SnS and 188, 285 cm-1for HDA-capped SnS
respectively are ascribed to B2g Raman modes [38,39].

From the photosensitizers reported in this study, the sharp and broad
peaks of υ(M � S) band displayed at 555 cm-1 and 692 cm-1 for HDA-
capped SnS and uncapped SnS are ascribed to the symmetrical moiety
of the ligands as seen in Fig. 4. The IR spectra of HDA-capped SnS exhibits
strong intensity, a characteristics which indicates the presence of single
band, possibly due to υ(C–S) vibration at 816 cm-1. The υ(C–N) peaks
were found at 1577 cm-1and 1524 cm-1 for HDA-capped SnS and the
uncapped SnS respectively. This implies a substantial double bond
attractiveness of the C–N bond with the complexes. The υ(N–H) vibra-
tions of the coordinating amines were observed in the region between
3200 and 3297 cm-1. The injection of capped agents reveals a change in
the vibration shift for both photosensitizers and the presence of others.
This trend is similar to the observation in the XRD result for the HDA
capped SnS [40–42].



Fig. 5. HRTEM image of (a, c) for uncapped SnS and (b, d) HDA-capped SnS nanoparticles.

Table 1
Raman modes for uncapped and HDA-capped SnS photosensitizers.

Character and Symmetry and Experimental values

Character and symmetry Uncapped SnS (cm-1) HDA-capped SnS (cm-1)

B1g 71 66
Ag 176 171
B2g 189 188
Ag 219 214
Ag 228 227
Ag 280 272
B2g 290 285
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The experimental values of some Raman active modes obtained from
this study for both samples are summarized in Table 1.

3.3. HRTEM

The HRTEM images of HDA-capped SnS and uncapped SnS photo-
sensitizer nanoparticles are shown in Fig. 5(a–d). The images reveal a co-
existence of amorphous phases and orthorhombic phase with a size dis-
tribution of 8.45 nm–17.82 nm as seen in Fig. 5 (a) and (c) for the
uncapped SnS, while the HDA-capped SnS which are shown in Fig. 5 (b)
and (d) revealed particles sizes in the range of 6.69 nm–14.92 nm with
orthorhombic crystalline [43,44], which can be indexed to the (111)
planes of SnS. The HRTEM images further provides the lattice fringes
with interplanar lattice spacing of 2.33 nm for HDA-capped SnS and 2.59
nm for the uncapped SnS which is indexed to the (110) planes of
orthorhombic SnS nanoparticles. The co-existence of both the amorphous
and crystalline orthorhombic phases for uncapped SnS photosensitizer
reveals poor lattice fringes due to its amorphous nature, which could be
linked to the high-temperature effect on molecular precursor during TGA
decomposition. This factor influences the performances of photovoltaic
5

cells, which can be confirmed through the J-V results obtained for
HDA-capped SnS which exhibits better performance compared to
uncapped SnS.
3.4. FE-SEM

FE-SEM images of HDA-capped SnS and uncapped SnS consist of
agglomerated nanocrystals, micro-sized spherical particles with dense
clusters as seen in Fig. 6(a–d). This indicates that the molecular precursor
was beneficial as a vital tool in the uniform morphology and growth
control of HDA-capped SnS and uncapped SnS. Besides, it is well known
that alkyl group with long-chain gives rise to better crystalline and sha-
ped particles, which have a great influence on the particle size, shape and
morphology of HDA-capped SnS and uncapped SnS [45,46]. The results
obtained in present study is similar to the morphology observed by
Hortikar et al. [47]. In order to identified the effect of sensitization and
their influence on the layer thickness coated on TiO2, the SEM cross
sectional images of uncapped SnS and HDA-capped SnS photosensitizers
are provided in Fig. 6(e) and (f). The measured thicknesses for the layers
coated with TiO2 electrode are 750.6 nm and 860.3 nm. The comparison
of the thicknesses values suggests an increased quantity of the
HDA-capped SnS compared to the TiO2 electrode which accounts for the
increased thicknesses. These results justified the I–V efficiency
enhancement of 0.37% for HDA-capped SnS compared to the uncapped
SnS cell efficiency. The enhancement of coated TiO2 thickness is asso-
ciated with the increased absorption of light-harvesting which is
explained by the Beer�Lambert law [48] since the film thickness is
inversely proportional to the transmitted light intensity, which results in
more light absorption by increasing the film thickness. This further
cemented the CV results indicating that the highest number of electrons
are produced due to photon absorption by this photosensitizers coated on
the TiO2 electrode.



Fig. 6. FE-SEM images, cross-sectional SEM image without the counter electrode and EDS of (a,c,e,g) uncapped SnS and (b,d,f,h) HDA-capped SnS nanoparticles.
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Elemental composition analysis of HDA-capped SnS and uncapped
SnS was evaluated using EDS, with the corresponding weight percentage
constituent elements shown in Fig. 6(g) and (h). From Fig. 6 (g) and (h),
the compositional information of the materials are displayed in the form
of a calibrated peak-height proportion, with the energy peaks corre-
sponding to the individual elements in the material. The increase in
carbon atoms is linked to the temperature effect, similar observation for
increase carbon atoms has been reported [49], while the variations in Sn
and S is a common occurrence in the thermal process synthesis approach.
Elaborate description of this observation have been reported by various
studies on many chalcogenide materials [50–53].
6

3.5. Absorption spectra

To understand the optical behaviour of the as-prepared photosensi-
tizers, LAMBDA 365 UV–Vis spectrophotometer from PerkinElmer was
used to obtained the absorption spectra, while PerkinElmer LS 45 fluo-
rimeter was used to obtain the Photoluminescence spectra. Both HDA-
capped SnS and uncapped SnS nanoparticles exhibited a predominant
absorbance edge in the visible region as shown in Fig. 7 (a, b, c). The
emission of visible radiation by both photosensitizers began around 450
nm and reaches a maximum wavelength of around 700 nm, confirming
strong absorption in the entire visible region and can be ascribed to the



Fig. 7. (a) Absorbance vs wavelength plots uncapped SnS and HDA-capped SnS nanoparticles. (b) Plots of (αhν)2 Vs photon energy for the direct bandgap investigation
and PL spectra (c) of uncapped SnS (1) and HDA-capped SnS (2) nanoparticles.

Fig. 8. Cyclic voltammetry curves for (a) uncapped SnS and (b) HDA-capped SnS at difference scan rate.

Table 2
Electrochemical parameters for (a) uncapped SnS and (b) HDA-capped SnS.

Uncapped SnS

Scan rate Ep,a (V) Ep,c (V) ΔEp ¼ Ep,a - Ep,c (V) E
� ¼ ½(Ep,a - Ep,c) (V)

25mv/s 0.07 0.02 0.05 0.025
50mv/s 0.09 0.00 0.09 0.045
75mv/s 0.09 0.00 0.09 0.045
100mv/s 0.11 0.00 0.11 0.055

HDA-capped SnS
25mv/s 0.30 0.17 0.13 0.065
50mv/s 0.32 0.15 0.17 0.085
75mv/s 0.32 0.15 0.17 0.085
100mv/s 0.35 0.15 0.2 0.1

M.A. Agoro et al. Journal of Solid State Chemistry 308 (2022) 122890
perfect orientation as seen in Fig. 7 (c). These findings are in good
agreement with earlier reported values [54–56]. The optical energy
direct band gaps were calculated from UV–Vis absorption data using
Tauc plot dependence through the following semi empirical expression
[57,58]:
7

αhν ¼ β(hν-Eg)
k (1)

where α is the absorption coefficient, h is the plank constant, ν is the
frequency of photon, β is a band tailing parameter, Eg is the optical
bandgap and k is an exponent factor which depends on the mode of
transition and type of the material. Since direct bandgap was determined,
k ¼ 2 and the intercept of a tangent drawn towards X-axis in the (αhν)2

versus (eV) spectra gives the optical energy band gap (Eg) of the nano-
particles. The observed band gaps for HDA-capped SnS and uncapped SnS
were found to be 1.50 and 1.52 eV, respectively. These are optimum
values needed for the photovoltaic solar energy conversion (1.5 eV). This
result is similar to what was reported [59] in recently published work.
3.6. Cyclic voltammetry (CV)

Fig. 8 (a, b) shows typical CV curves of uncapped SnS and HDA-
capped SnS photosensitizers while their respective electrochemical pa-
rameters at different scan rate from 25 mV/s to 100 mV/s at potential of
0.0–0.4 V is displayed in Table 2. According to Fig. 8 (a), the shifting of



Fig. 9. EIS spectra (a, c) and Bode plots (b, d) of uncapped SnS and HDA-capped SnS and (e) equivalent circuit model for fitting.
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the anodic and cathodic peak potentials with an increasing trend, in-
dicates an efficient mass transfer between the electrodes, and the
oxidation and reduction of the photosensitizer. All CV curves displays
nearly rectangular shapes, which suggests superior capacitive ability
rather than faradaic redox capability. The limited redox potential could
be detrimental to the quick reduction of the photosensitizer, which is
vital in eliminating the possibility of the generated electrons recombining
with the oxidised dye molecule. At 100 mV/s the best peak-to-peak
separation (ΔEp) was achieve indicating a good electrical conductivity.
At 75 mV/s and 50 mV/s, current peaks were obtained for the uncapped
Fig. 10. Current density-voltage for (a) un
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SnS. The uncapped SnS with 25 mV/s performed poorly having the
smallest peak. This finding demonstrated that the photosensitizer
generated current can produce high current density. Fig. 8 (b), depicts
the CV curves and the calculation of corresponding peak-to-peak sepa-
ration (ΔEp) for HDA-capped SnS. It could be seen that the high peak
separation (ΔEp) of 0.2 V at 100 mV/s gives rise to slow heterogeneous
electron transfer. At 75 mV/s and 50 mV/s 0.17 V were observed, while
at 25 mV/s shows a slower peak-to-peak separation than the others due
to the structural effects. The 100 mV/s reflected a fast electron transfer
with great amount of pore defects [60–63].
capped SnS and (b) HDA-capped SnS.



Table 3
J-V characteristic parameters for (a) uncapped SnS and (b) HDA-capped SnS
(mean values � SD).

Uncapped SnS

Time JSC (mA/cm2) VOC (V) FF η (%) Pmax (W)

0 h 16 � 0.0 0.72 � 0.4 0.68 � 0.1 7.83 � 0.19 7.87
2 h 15 � 0.3 0.67 � 0.2 0.68 � 0.1 6.83 � 0.01 6.93
4 h 14.30 � 0.0 0.73 � 0.1 0.69 � 0.3 7.20 � 0.2 7.29
6 h 12.30 � 0.03 0.65 � 0.63 0.70 � 0.4 5.59 � 0.8 5.53

HDA-capped SnS
0 h 17 � 0.0 0.72 � 0.8 0.67 � 0.2 8.20 � 0.4 8.30
2 h 16 � 0.2 0.72 � 0.4 0.68 � 0.8 7.83 � 0.20 7.85
4 h 16 � 0.4 0.7 � 0.6 0.68 � 0.3 7.61 � 0.1 7.59
6 h 15 � 0.02 0.68 � 0.58 0.68 � 0.3 6.93 � 0.7 6.94
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3.7. Electrochemical impedance spectroscopy (EIS)

The Nyquist plots for both uncapped and capped SnS sensitizers as
seen in Fig. 9 (a) and (c) displayed a higher frequency semicircle. The
resistance charge transport (R1) at the counter electrode/electrolyte
interface is due to hemisphere of high frequency. While the charge
transport at the TiO2/photosensitizer/electrolyte interface (R2) is due to
low frequencies. The present work focused mainly on the R2 to compare
the effect of both photosensitizers on the charge transfer and transport at
the TiO2/photosensitizer/electrolyte interface. The interception on the
real axis gives equivalent series resistance (ESR) of photosensitizer ma-
terial, which consists of ionic and electronic contributions. The electronic
resistance is connected between the current collector and SnS sensitizer,
while the HI-30 electrolyte is related to ionic resistance. The lower ESR
values owing to the highly porous nanostructure, which further cemen-
ted the SEM results. This promotes smooth access of electrolyte ions to
enhance deintercalation and intercalation with low impedance. The
diffusion of HDA-capped SnS photosensitizers in HI-30 electrolyte in-
dicates Warburg's constant (W) due to the straight line. The HDA-capped
SnS sensitizer displayed lower impedance compared to the uncapped SnS
sensitizer [26,64–66]. The produced trend shows that the addition of
HDA significantly enhanced electron movement between the electrolyte
and the photoanode surface.
3.8. Bode plot

The Bode plots displayed in Fig. 9 (b) and (d) show that the frequency
peaks shifted from 70 Hz for HDA-capped SnS to 48 Hz for uncapped SnS
sensitizer under light illumination. This suggests an improved collection
of electrons, lifetime recombination, and faster transport in HDA-capped
SnS photosensitizer compared to uncapped SnS [67]. We concluded that
the HDA-capped SnS photosensitizer displayed superiority to the
uncapped SnS photosensitizer, owing to their ability to reduce electron
recombination and enhanced electron lifetime [68].
3.9. Current density-voltage (J–V)

The QDSSCs based on photosensitizers showed very good perfor-
mance as seen in Fig. 10 (a, b) and Table 3. The high performance of the
photosensitizers in the QDSSCs was attributed to the strong absorption of
the photosensitizers on the surface of TiO2, leading to surface passivation
and an increase in catalytic reactivity [69,70]. The high catalytic reac-
tivity of the photosensitizers leads to the reaction of the HI-30 electrolyte
with electrons generated from the TiO2, causing recombination as seen in
the Voc values. The photosensitizers for both samples at 0hr shows the fill
factor (FF) of 0.68–0.67 and efficiency (η) of 8.20–7.83% respectively.
The Pmax values obtained from both photon absorbers ranges from 5.53
to 7.87 for uncapped SnS and 6.94–8.30 for HDA-capped SnS, this values
are comparative to the efficiency of the photosensitizers. The values of FF
obtained for both photosensitizers implies that recombination has
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occurred in the solar cell [71–73]. The higher FF in the uncapped SnS
photosensitizer was due to charge transfer at the interface of the counter
electrode/electrolyte and thus, reduced the concentration of the gradi-
ents in the electrolyte, recombination rate and the internal resistance as
observed in the EIS results. As the time increases to 2hr, the catalytic
activity decreases and the conversion efficiency were observed at 6.83%
and 7.83% for uncapped SnS and HDA-capped SnS. Further increase in
time to 4hr caused the HDA-capped SnS to exhibit an η value of 7.61%,
while uncapped SnS efficiency at 7.20% was enhance compare to the 2hr
of uncapped SnS. An increase in time to 6hr lead to a decrease in the
performance of both samples due to Jsc deterioration resulting from poor
electrocatalytic activity of the photosensitizers. However, the overall
performance was much higher in HDA-capped SnS than the uncapped
SnS. The improvement in the HDA-capped SnS as observed in the present
study is attributed to the better stability of the aliphatic amines with HDA
which gave rise to higher electrocatalytic activity and reduced charge
transfer resistance across the interface of the TiO2/photosensitizer/-
electrolyte. Previous studies have shown enhanced conversion efficiency
for SnS with additive material as photosensitizer [59,74]. The efficiency
obtained from the present study is much higher compared to the studies
by Sinsermsuksakul et al. with 4.4% [15] and our previous report with
1.25% [26] which employed the aromatic amine with conjugate, while
the present work adopted the aliphatic amine with HDA.

Comparison of incident photon to current conversion efficiency
(IPCE) measurement values obtained between 300 and 700 nm for best
performing devices suggests an improvement in IPCE value for HDA-
capped SnS sensitizer which yielded an IPCE value of 9.1% at 450 nm
compared to the uncapped SnS sensitizer with an IPCE value of 6.8% at
450 nm. The enhanced IPCE value obtained for HDA-capped SnS in-
dicates an efficient contribution of absorbed photons to the photocurrent
density as a result of improved light absorption and reduced recombi-
nation. Further details of the IPCE curves and additional characterization
for the sensitizers will be included in subsequent report.4. Conclusions.

In summary, the beneficial properties of bis(N-diisoproyl-N-octyldi-
thiocarbamato) Sn(II) complexes molecular precursor of capped and
uncapped SnS were evaluated. HDA capping agent was employed to
control the particle size and for surface passivation to enhance electron
transfer. HDA idealizes the layer quality by easing the growth of quantum
dots SnS, which promotes efficient photon extraction and lower charge
recombination. HDA-capped SnS photosensitizer displayed superiority
due to good electron lifetime, better shape and size distribution
compared to SnS. UV–Vis absorption data using the Tauc plot revealed
optimum value at 1.50 eV of energy conversion for HDA-capped SnS.
Without HDA capping agent, it was found that uncapped SnS photosen-
sitizer show a poor stability performance compared with HDA-capped
SnS after 6 h. It is therefore concluded that the addition of HDA
capping agent enhances the performance of HDA-capped SnS compared
to SnS photosensitizer. The efficiency of 8.20% obtained from the present
study is higher than our previous report [26]. The results from the pre-
sent study promotes the future prospects of injecting capping agents, as
an additional step during fabrication in order to produce optimized high
quality QDs photon absorbers for QDSSCs with enhanced reliability,
durability and reproducibility performance.
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