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ABSTRACT: This paper highlights the inconvenience of
sodium ions in the Bi2S3 quantum dots (QDs) deposition
procedure, on the TiO2 surface, for the conversion efficiency of
the sensitized solar cells derived from these materials. Porous
TiO2 electrodes were sensitized with QDs obtained by the
successive ion layer adsorption and reaction (SILAR)
technique, using aqueous solutions of Bi(NO3)3 as the cation
precursor and Na2S as the sulfide source. Independently,
elemental sulfur vapor was used to replace the Na2S solution in
the synthesis procedure. The obtained layers were charac-
terized by X-ray diffraction, transmission electron microscopy,
Raman scattering, and diffuse reflectance spectroscopy. We
found that the presence of sodium ions in the reaction system
strongly affects the formation of Bi2S3 on the porous TiO2. This result contrasts with what other authors have claimed. Using
elemental sulfur vapor as a precursor, crystalline Bi2S3 nanoparticles are formed on the TiO2 surface. The sensitized solar cells
produced using the two different types of photoelectrodes were compared based on the photocurrent−voltage characteristic and
the photocurrent time stability. The sensitized photoelectrodes derived from elemental sulfur vapor are much more stable over
time and can achieve an efficiency of 0.84%. This is the highest conversion efficiency value for any Bi2S3 photoelectrochemical
cell.

■ INTRODUCTION

Bismuth sulfide is a material with ideal optical and electric
characteristics for many thermoelectric1 and optoelectronic
applications,2−4 including solar cells.5 The band gap energy of
bulk Bi2S3 is 1.3 eV,1,6,7 although there are some discrepancies
between the values reported in the literature;7−9 this gap is very
close to the optimal Shockley−Queisser value for p−n
homojunction solar cells.10Also, this material has a large
absorption coefficient.11 These properties are very attractive
for photovoltaic conversion. Another interesting issue of this
material is that it can be synthesized by easy, low energy
consuming and cost-effective methods, which is favorable for its
scalable capability. Additionally, Bi2S3 is much less toxic than
other optoelectronic materials based on Pb, Cd, or Hg metal
cations, or anions such as Te, Se, and As. The materials toxicity
could limit, in some way, the achievement of extensive
application due to environmental and related regulatory
concerns.2

Among the most studied types of Bi2S3 solar cells, there are
the thin film based devices,12−14 but to a greater extent, the
regenerative photoelectrochemical ones.15−19 These photo-
voltaic devices have a relatively low efficiency, typically, less

than 0.5%. The reports on types of Bi2S3 solar cells do not
explore the size effect of this material on the response as a light
harvester. Nanostructured semiconductors have shown very
promising perspectives in solar cell applications, not only for
the unique properties of low dimensional materials but also due
to their low-cost, solution-processability, and scalable poten-
tial.20−22 Recently, notable progress in nanostructured based
photovoltaic devices has been reported: (a) Quantum dot
sensitized solar cells (QDSSC), using liquid electrolytes, have
attained an efficiency record of 6.76%.23 (b) In solid-state
colloidal quantum dot (QD) solar cells, a record of 8.5% has
been reached.24 (c) InP nanowires array solar cells achieved a
high 13.8% efficiency.25 Concerning Bi2S3 nanostructures,
Konstantatos et al. reported a 1.6% efficiency in a solid-state
p−n junction solar cell formed between p-type PbS colloidal
QDs and n-type Bi2S3 nanocrystals.

26

On the other hand, Bi2S3 has continuously been claimed as a
material that has received considerable attention as an absorber
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in QDSSC.27−35 However, only five works36−40 addressing
Bi2S3-QDSSC have been published to date. The reported
efficiencies are very low compared with other QDs sensitizers
that can range 5−7% in the best devices.41−44 Vogel et al.36

sensitized porous TiO2 layers with QDs deposited using the
successive ions adsorption and reaction (SILAR) technique.
They used one SILAR process and the starting precursors were
a saturated solution of Bi(NO3)3 and a 0.5 M solution of Na2S,
both in water. The immersion time in each solution was 1 min.
The obtained sensitized photoelectrodes could not be deeply
studied as they decompose under illumination within
minutes.36 Suaŕez et al.37 sensitized SnO2 photoelectrodes
applying five SILAR processes of 0.1 M BiI3 and 0.1 M Na2S
aqueous solutions. These authors36,37 reported photoelectrode
stability under irradiation with low intensity monochromatic
light of 425 nm (1 mW/cm2). In these two works,36,37 it was
assumed that Bi2S3 was deposited after dipping the Bi(III)-
impregnated oxide layers into the Na2S solution, but no further
experimental evidence was presented. This assumption
contrasts with some experimental evidence presented in this
work; we will discuss this aspect below. In a very recent work,
Lin and Lee45 reported the sensitization of SnO2 porous layers
with Bi2S3 QDs, by the SILAR technique, starting from 0.01 M
Bi(NO3)3 and 0.01 M Na2S solutions in acetone. However,
their synthesis results could not be reproduced; for more details
on this point and other three works using Bi2S3 as sensitizer, see
the Supporting Information. The aforementioned progress and
critical views and the small number of related papers in the
literature make it imperative to intensify the research on Bi2S3
QDSSCs.
In the present work, we sensitized TiO2 electrodes with QDs

obtained by the SILAR technique, starting from aqueous
solutions of Bi(NO3)3 as the cation precursor and Na2S as the
sulfide source. In a second variant, we used a similar procedure,
but the Na2S solution was replaced by elemental sulfur vapor as
precursor. We found that an immersion time shorter than 30
min does not lead to an efficient QDs deposition into the TiO2
porosities closer to the substrate. The obtained deposits were
characterized by Raman scattering and diffuse reflectance
spectroscopies, X-ray diffraction, and transmission electron
microscopy (TEM). It was found that the presence of sodium
ions in the reaction system does not directly lead to the
formation of Bi2S3 on the porous TiO2 layer. Additionally, the
resulting nanostructured layers were tested as photoelectrodes.
The current−voltage (J−V) characteristic and the photocurrent
time stability revealed: (i) the much better performance of
Bi2S3 QDs sensitized photoelectrodes obtained using elemental
sulfur vapor as precursor and (ii) the inconvenience of sodium
ions inclusion in the attempted synthesis procedure. A
maximum conversion efficiency of 0.84% for Bi2S3 photo-
electrochemical solar cells was reached in this work.

■ EXPERIMENTAL PROCEDURES

Reagents. Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O,
Sigma, 98%), sodium sulfide nonahydrated (Na2S·9H2O,
Fermont, analytical grade), cobalt nitrate (Co(NO3)2,
Mallinckrodt, 99.76%), elemental sulfur (S, Sigma-Aldrich,
99.5%), sodium hydroxide (NaOH, J. T. Baker, 98.3%),
titanium dioxide (TiO2, AEROXIDE TiO2-P25, Evonic,
99.5%), glacial acetic acid (CH3COOH, J. T. Baker, 99.9%),
and ethanol (CH3CH2OH, Analytyka 99.85%) were used.
Ultrapure water (18 MΩ cm) was obtained from an Easypure

compact Ultra Barnstead deionization system. All chemicals
were used without further purification.

TiO2 Layer Deposition. Porous TiO2 layers of about (10.2
± 0.5) μm thick were deposited applying the doctor blade
technique,46 on fluorinated tin oxide covered glass (FTO,
SnO2:F, Solaronix TCO22-15, 15 Ω/sq) cut in pieces of 2 ×
1.5 cm2. For some experiments a glass substrate was used. The
TiO2 suspension was prepared by sonicating 4.0 g of the
nanocrystalline TiO2 powder AEROXIDE P25 (TiO2-P25)
with 1 mL of glacial acetic acid, until a viscous paste was formed
(5 min), and then 15 mL of ethanol was added and the mixture
was sonicated for 30 min. The TiO2 layer annealing process was
conducted at 450 °C for 30 min in air.

QDs Deposition. The SILAR technique was used for the
deposition of the QDs on the surface of the nanoporous TiO2
layer. In this method, successive immersions of the electrode
into separate precursor solutions, intercalating washing
procedures, produce an ionic layer precipitation effect.47 The
bismuth source consists of a Bi(NO3)3 aqueous solution. The
immersion time of the TiO2-P25 porous layer was 30 min,
followed by a 1 min deionized water wash, and a drying process
under an air flow. Different Bi(NO3)3 solution concentrations,
from 2 × 10−4 M to 1 × 10−3 M, were used to vary the QDs
sizes in different TiO2 layers. Then, the Bi(III)-impregnated
TiO2 porous layer is immersed into a Na2S aqueous solution
with a concentration 1.5 times higher than that of the previous
Bi(NO3)3 solution. The immersion time in the sulfide solution
was also 30 min. Shorter immersion periods in the precursor
solutions led to no appreciable QDs deposition close to the
back side of photoelectrode: the front side gets a brown color,
while the back side (close to the FTO) remains white. Also,
shorter immersion times and many repetitions of these
processes did not lead to a better QDs coverage of the back
side of the TiO2 porous layer. That is why we only used one
SILAR process of 30 min, differing from the typical
multiprocesses deposition.
A new variant of this technique was tried out, but using

elemental sulfur vapor as precursor instead of Na2S aqueous
solutions. In this deposition path, the TiO2 layerpreviously
impregnated in an aqueous solution of Bi(NO3)3, rinsed with
water and dried under room conditionsis placed in a
hermetically closed container (85 mL) with 0.05 g of elemental
sulfur powder. This quantity fairly guarantees a molar sulfur
excess with respect to Bi(III). Then, the temperature in the
container is raised to 180 °C; at this stage all the elemental
sulfur is in vapor phase. This thermal condition is held for 15
min. After that, the container is left to cool until it reaches
room temperature. This method was also used to prepare
cobalt sulfide on the FTO surface, for the counterelectrodes; in
this case a 5 × 10−2 M Co(NO3)2 solution in ethanol was used
as the precursor.

Nanopowder Preparation. A QDs colloid was obtained
using synthesis conditions analogous to those used for the first
solution-process variant, but no surface impregnation is
involved. For that purpose, an aqueous solution reaction
mixture of Bi(NO3)3·5H2O (1 × 10−3 M) and Na2S·9H2O (1.5
× 10−3 M) was prepared, under vigorous stirring and room
conditions; a solid brown precipitate was collected by
centrifugation and washed with deionized water for further
characterization.

Photoelectrochemical Cell Configuration. Photoelectr-
odes and counterelectrodes were separated by a Parafilm spacer
that prevents direct contact between the electrodes, and it
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retains the electrolyte in a sandwich-like configuration. The cell
was pressed by two binder clips in the parallel edges of the
structure, letting the electrical contacts free. The electrolyte
contained in the interelectrode space was composed of 1 M S, 1
M Na2S·9H2O, and 0.1 M NaOH solved in deionized water.
Photocurrent−Voltage Measurements. The irradiation

source used for the photocurrent−voltage (J−V) measurement
was a 150 W arc xenon lamp (Osram XBO 150W/CR OFR),
which roughly simulates the solar spectrum. An AM1.5 global
filter (81094 Air Mass Filter, Newport) was used in the
experiments. The incident light intensity was adjusted to 100
mW/cm2 using a calibrated Si photodiode (ThorLabs
SM05PD2B). The current−voltage curves were obtained by
means of a Keithley Picoammeter/Voltage Source, model 6487,
in the cells’ steady state. At least three similar devices were
considered in each characterization, and the average of the
measured parameters and the corresponding standard devia-
tions are presented.
Other Characterization Techniques Used. X-ray dif-

fraction (XRD) patterns were taken on a Bruker D2-Phaser
diffractometer equipment using Cu Kα radiation (10 mA, 30
kV, λ = 1.5418 Å) and an integration time of 0.5 s. High-
resolution transmission electron micrographs (HR-TEM) were
obtained using a JEM 2010 microscope equipped with a high-
angle annular dark field detector, at a voltage of 200 kV.
Diffused reflectance spectra were recorded on a Cary-5E
Varian, and the Kubelka−Munk function was computed by the
software. Raman spectra were recorded with a EZRaman-N
(Enwave Optronics) Raman analyzer coupled to a Leica
DM300 microscope with a 100× objective, using an excitation
laser source of 532 nm wavelength and ∼30 mW of output
power.

■ RESULTS AND DISCUSSION
Figure 1a show the diffraction patterns of a naked TiO2-P25
porous layer and that corresponding to an analogous TiO2-P5
layer covered by the quantum dots deposited by the SILAR
technique. As can be seen, only diffraction peaks corresponding
to the anatase and rutile phases of TiO2 appear in the
diffraction patterns. As it is known, TiO2-P25 presents around
70% of anatase and 30% rutile. The QDs-covered layer (Figure
1a) was obtained using 1 × 10−3 M Bi(NO3)3 and 1.5 × 10−3 M
Na2S solutions as precursors. Because of solubility limitations of
Bi(NO3)3 in water at room conditions, 1 × 10−3 M was the
maximum solution concentration of this salt used in the
photoelectrodes preparation. The resulting layer was the
darkest stain (brown) among those obtained by SILAR, so it
is expected to have the highest QDs loading. The absence of
peaks corresponding to Bi2S3, or any other sulfur compound, in
this sample (Figure 1a) may be due to the amorphous character
or the short-range crystalline order of the deposited
nanostructures. No change was observed in the diffraction
pattern of this sample after 45 min of thermal annealing, at 200
°C in air, nor in Argon. At longer times or higher temperatures,
in air or argon, the samples suffered a significant discoloration
indicating the QDs degradation.
It is noteworthy to mention that when attempting the

analogous nanoparticles synthesis, but in aqueous colloidal
suspension, using the same raw materials (1 × 10−3 M
Bi(NO3)3 and 1.5 × 10−3 M Na2S as final solution
concentrations), the obtained product is a poorly crystalline
NaBiS2, Figure 1b. After a thermal annealing, at 160 °C in air
for 30 min, the crystallinity of NaBiS2 increased and its

diffraction peaks clearly matched the PDF 75-006, Figure 1c.
The NaBiS2 compound has been reported as a direct product of
the reaction of Bi(III) salts with different S2− sources in the
presence of Na1+ ions, under hydrothermal conditions. This
ternary compound yields Bi2S3 by a long decomposition
process along the mentioned synthesis route.48 Particularly,
when using Na2S as the sulfur source and having reaction times
shorter than 3 h, amorphous NaBiS2 is formed; a prolonged
time is needed to completely form pure Bi2S3 (autoclave at 160
°C for 72 h).48 The similar ionic radii of Na1+ (102 pm) and
Bi(III) (103 pm), in combination with their unspecific and
variable coordination chemistry, have been argued to explain
the easy formation of different sodium−bismuth compounds.49

The observed experimental facts, in the colloidal synthesis,
suggest that a considerable presence of low crystalline or
amorphous NaBiS2 should be expected among the quantum
dots deposited on TiO2, when starting from Na2S as the S2−

source.

Figure 1. (a) Diffraction patterns of a naked TiO2-P5 porous layer and
a TiO2-P5 layer covered with QDs obtained by SILAR using 1 × 10−3

M Bi(NO3)3 and 1.5 × 10−3 M Na2S aqueous solutions as precursors.
(b) Low crystalline NaBiS2 obtained by the colloidal method from 1 ×
10−3 M Bi(NO3)3 and 1.5 × 10−3 M Na2S aqueous solution, (c)
sample in (b) after a thermal annealing at 160 °C for 30 min in air,
NaBiS2 is now crystalline. (d) TiO2-P5 layer covered with NaBiS2 QDs
obtained by SILAR, but using saturated precursor solutions at 80 °C.
(e) Rerecorded diffraction pattern, between 26° and 47°, of the sample
in (d), but using an integration time that is 7 times longer. (f) A TiO2-
P5 layer covered by Bi2S3 nanoparticles synthesized using a 1 × 10−3

M Bi(NO3)3 solution and elemental sulfur vapor as precursors. (c)
Rerecorded diffraction pattern between 26° and 35° of the sample in
(f), using an integration time that is 7 times longer.
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As the NaBiS2 nanostructures could not be crystallized on
the TiO2 surface by direct SILAR processes at room conditions,
nor by postsynthesis thermal annealing (first it degrades),
saturated solutions of the precursors at 80 °C were tried. The
diffraction pattern of the resulting sample is shown in Figure
1d. As can be seen, new broad peaks around 31.0° and 44.5°
appeared this time, apart from those of the TiO2-P25. This fact
confirmed the deposition of NaBiS2 on the TiO2 surface under
the present conditions. In order to obtain a better resolution of
the NaBiS2 diffraction peaks, the corresponding pattern was
rerecorded (between 26° and 47°, see Figure 1e) using an
integration time that is 7 times the one used in Figure 1d. It is
important to mention that this NaBiS2/TiO2-P25 layer is easily
detached from the FTO substrate by a simple water rinse, so it
was not a useful synthesis route for photoelectrodes
preparation.
The results presented so far indicate that the presence of

sodium has to be carefully prevented in the reaction system
(regarding pure Bi2S3 synthesis under soft reaction conditions).
Particular attention must be paid when the synthesis of ternary
compounds, like AgBiS2, is attempted in the presence of
sodium ions. AgBiS2

50 and NaBiS2
48 have very similar

crystalline structures and show very close diffraction patterns.
Lee et al.,51 disregarding this point, claimed the sensitization of
TiO2 with AgBiS2 using a reaction medium containing sodium
ions. However, the diffraction patterns of the samples, before
and after the annealing processes, match slightly better the PDF
of NaBiS2 (75-0065, quality: calculated) than that of the PDF
used for AgBiS2 identification (04-0699, quality: deleted). This
important point of the structural characterization and its

possible impact on the obtained results were not discussed in
ref 51. For further comments on different works, concerning
unintentional formation of (BiS2)

−1 compounds, see the
Supporting Information.
To avoid the formation of NaBiS2, the sulfide source (Na2S)

was replaced by elemental sulfur in the synthesis procedure, as
it was described in the Experimental Section. This route
prevents the presence of alkaline cations, which have also been
reported as precursors for the formation of XBiS2 type
compounds (X = alkali metal cations).52,53 The diffraction
pattern of a sensitized layer, using a 1 × 10−3 M Bi(NO3)3
solution, for the Bi(III) surface impregnation, are shown in
Figure 1f. Slight signals of orthorhombic Bi2S3 can be identified
in Figure 1f, probably due to the small amount of QDs with
respect to TiO2. To improve the signal-to-noise ratio and better
detect the Bi2S3 formation, the diffraction pattern of this sample
was rerecorded (between 26° and 35°) using an integration
time that is 7 times the one used in Figure 1f; this result is
displayed in Figure 1g.
The QDs formed on the surface of the porous TiO2 layer,

using Na2S as precursor, were analyzed by the HR-TEM
technique, Figure 2. As can be seen in Figure 2a, some
nanostructures (darker particles) are deposited on TiO2-P25
nanocrystals (with lighter color). The poor crystallinity of the
sensitizer can be noted in this micrograph; only lattice fingers
of TiO2 particles are observed. Those smaller and darker
nanoparticles in Figure 2a are typically isolated from each other,
although clusters of them can be observed in Figure 2b−d. It
can be corroborated in Figure 2b−d (with higher resolution)
that most of the deposited nanostructures have very low

Figure 2. HR-TEM micrographs of a TiO2 layer with QDs deposited on its surface, by SILAR, using aqueous solutions of Bi(NO3)3 (1 × 10−3 M)
and M Na2S (1.5 × 10−3). The particle size distribution of the QDs deposited on the TiO2 surface is inserted. The Supporting Information includes
more TEM micrographs.
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crystallinity. However, it was possible to find some particles
showing more structural order; see Figure 2b,d. In Figure 2b
the fast Fourier transform (FTT) of the squared zone revealed
an interplanar distance of 0.237 nm, which perfectly matches
that of the (211) plane of NaBiS2. The FTT of the squared
zone in Figure 2d showed interplanar distances of 0.237 and
0.181 nm corresponding to (211) and (301) planes of NaBiS2,
respectively. An amorphous-like structure is squared in Figure
2c. Because of this very short-range order, the corresponding
FFT has an annular feature. The obtained radius is very close to
0.408 nm, which matches well with the intrerplanar distance of
the (101) plane of NaBiS2. These findings agree with the results
observed by XRD. The interplanar distances of NaBiS2 were
computed with CaRIne v3.1 software; for more details see the
Supporting Information. The resulting size distribution of the
QDs is inserted in Figure 2, and an average size of 4.5 nm with
a standard deviation (SD) of 1.7 nm was obtained.
TEM micrographs of a Bi2S3/TiO2-P5 sample, prepared

using a 1 × 10−3 M Bi(NO3)3 solution and elemental sulfur
vapor as precursors, are presented in Figure 3. It can be
appreciated that the Bi2S3 QDs (darker particles in the
micrographs) are deposited on the surface of the TiO2-P25
particles (20−30 nm, lighter color). Also, the Bi2S3 QDs are
typically well dispersed. The Bi2S3 nanoparticles have an
average size of 6.2 nm with a standard deviation of 1.5 nm. The
FFT of the squared zone evidenced a 0.140 nm interplanar
distance in the particle lattice, which belongs to the (171) plane
of the Bi2S3 crystalline structure (PDF 17-0320). The
Supporting Information includes more Bi2S3 particles identi-
fication.
Raman spectroscopy constitutes a powerful tool for the

structural characterization of solid materials. The corresponding
spectra of NaBiS2/TiO2-P25 samples, obtained with the
precursor solutions at room temperature and those at 80 °C

(as in XRD analysis), and a Bi2S3/TiO2-P25 layer, are shown in
Figure 4. The spectrum of a naked TiO2-P25 porous layer was

included as reference, and the bands related to the anatase and
rutile TiO2 phases are present in this and in the other samples.
See the Supporting Information, for more details on the
observed TiO2 Raman signals. Additionally, the spectrum of the
Bi2S3/TiO2-P25 sample has the characteristic Bi2S3 strong
signals at 237 and 260 cm−1 and the weak one at 186 cm−1.54

This is a signature of the crystalline character of the Bi2S3 QDs
and its relative abundance, which is in accordance with XRD

Figure 3. TEM micrographs of a Bi2S3/TiO2-P5 sample prepared by SILAR using a 1 × 10−3 M Bi(NO3)3 solution and elemental sulfur vapor as
precursors. The particle size distribution of the Bi2S3 QDs is included.

Figure 4. Raman scattering spectra of a naked TiO2-P5 porous layer, a
TiO2-P5 layer covered by NaBiS2 QDs (obtained by SILAR using 1 ×
10−3 M Bi(NO3)3 and M 1.5 × 10−3 Na2S solutions, at room
temperature), NaBiS2(80 °C)/TiO2-P25 deposited using saturate
precursor solutions at 80 °C and a TiO2-P5 layer covered by Bi2S3
QDs (obtained by impregnating the substrate in a 1 × 10−3 M
Bi(NO3)3 solution and using elemental S vapor). The blue arrows
indicate Bi2S3 Raman mode positions.54
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and TEM analysis. These results agree with those reported by
Lutz et al.55 The spectrum of the NaBiS2/TiO2-P25 obtained
using precursor solutions at room temperature does not show
new significant signals, apart from those of TiO2. This is
probably due to the poorly crystalline nature of these
nanostructures; XRD and HR-TEM results accounted for the
same fact. The NaBiS2/TiO2-P25 sample obtained with the
saturated precursor solutions at 80 °C, which has a higher range
of structural order (see Figure 1a,d), presents a broad Raman
band between 200 and 320 cm−1, with a maximum at 258 cm−1.
This band is located in the same wavenumber range where the
most intense signals of Bi2S3 appear, but their spectral profile
shapes are quite different. The NaBiS2/TiO2-P25 spectrum
does not show any signal around the weak band of 186 cm−1

which belongs to Bi2S3. There is not a single previous report in
the literature concerning the Raman spectrum of NaBiS2. So, it
was not possible to establish a comparison with a published
reference spectrum. However, analogous results were obtained
by comparing the Raman spectra presented here with those
corresponding to crystalline NaBiS2 and Bi2S3 nanoparticles
produced by colloidal synthesis. For more details, see the
Supporting Information.
Figure 5a shows the absorption spectra of the porous TiO2

layers with adsorbed NaBiS2 QDs of different sizes on its
surface. The spectrum of a naked TiO2 layer and that of a
NaBiS2 powder sample (its X-RD pattern is in Figure 1c) were
also added for comparison. The concentration of the Bi(NO3)3
aqueous solutions used in the deposition process was varied
from 2 × 10−4 to 1 × 10−3 M, as it is indicated in the figure
legend. As can be seen, the absorption spectra show a blue shift
when lower precursor concentrations are used. This is a
consequence of the smaller particle size obtained in these
conditions. The higher values of gap energies, with decreasing

particle size of sensitizer, are a consequence of the quantum
confinement (Figure 5b). The gap energy of the NaBiS2
powder, the one with the largest crystallite size obtained here
(20 nm), is 1.26 eV. This is the first time that experimental
band gap energy values of NaBiS2 are reported.
The absorption spectra of the TiO2 layers sensitized with

Bi2S3 are shown in Figure 5c. The spectra of a naked TiO2 layer
and that corresponding to a bulk Bi2S3 sample are included as
references. Again, the concentration of the Bi(III) precursor
solutions, used in the impregnation process, was varied from 2
× 10−4 to 1 × 10−3 M. The Bi2S3 QDs, obtained with the
highest concentration of the Bi(III) salt, have a broader
absorption spectral range than the analogous NaBiS2
nanostructures. It can be noted that the intensity of the
absorption spectra of the QDs monotonically grows with the
increasing of the Bi(III) precursor concentration (see the
shoulder around 450 nm as a reference). This fact suggests a
smaller QDs loading as the concentration of the precursor
solution is decreased. In addition, the blue shift of the spectrum
corresponding to Bi2S3 QDs is more prominent than that
observed in NaBiS2.
The direct band gap energy obtained for bulk Bi2S3 is 1.29

eV, which is very close to the value of 1.3 eV reported by some
authors,1,6,7 but differs from that of some others.7−9 The
observed blue shift in the Eg values (Figure 5d) indicates the
charge carriers’ confinement. It is possible to approximately
calculate the size of the Bi2S3 QDs from the band gap energy
blue shift with respect to the bulk material value. In that
concern, the Brus model,56 based on the effective mass
approximation, is close to its validity limit in our Bi2S3
nanocrystals (particle size ≫ lattice parameters, 10 times larger
is a practical value).57 So, we instead used the more general
Wang model57 to estimate the particle size from the

Figure 5. (a) Absorption spectra of different TiO2 layers sensitized with NaBiS2 quantum dots deposited under different conditions. (b) Plots for gap
energy calculation from the spectra displayed in (a). (c) Absorption spectra of different TiO2 layers sensitized with Bi2S3 quantum dots deposited
under different reaction conditions. (d) Plots for gap energy calculation from the spectra in (c).
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corresponding band gap value. Wang derived the following Eg
dependence on the particle radius (R), based on a hyperbolic
band model: Eg = [Eg0

2 + 2ℏ2Eg(π/R)
2/μ*]1/2; where Eg0 is the

bulk band gap value and μ* is the reduced effective mass of the
exciton.57 For the calculation, we need the reduced effective
mass of the exciton in Bi2S3. Considering the anisotropic
character of Bi2S3, average values for the reduced effective mass
have been reported between 0.01 and 0.7 times the free
electron mass (m0).

8,58 However, none of those informed μ*
values fit well to our experimental result of Eg = 1.68 eV for an
average particle size of 6.2 nm (using Wang’s relation). So, we
decided to calculate the Bi2S3 reduced effective mass, using the
mentioned experimental Eg and particle size of one of our
samples; 0.18 m0 was obtained as the adequate μ* value for the
Bi2S3 QDs of this work. Then, with this more realistic μ*, Eg0 =
1.3 eV, and the different Eg obtained from the absorption
spectra, the average sizes of the corresponding Bi2S3 nano-
particles were estimated. Also, using this μ* value, the Bi2S3
Bohr radius was calculated, and the result is 19.5 nm; this value
is about 1.5 times shorter than that reported by Pejova et al.8

Finally, the results of the Bi2S3 QDs sizes estimation are shown
in Table 1.

An analogous estimation for the NaBiS2 nanoparticles
average sizes was not possible because of the lack of
information about the optical constants and the charge carriers
effective mass of this material in the literature.
Figure 6a shows the average current−voltage characteristic of

the photoelectrochemical solar cells using NaBiS2/TiO2-P25
photoelectrodes, with different quantum dot sizes. The
concentration of the Bi(NO3)3 precursor solutions, used in
the fabrication of the corresponding photoelectrodes, are
indicated in the inserted legend. Table 2 shows the photovoltaic
parameters of the different solar cells (curves in Figure 6a). As
can be seen in Figure 6a and in Table 2, the smaller the NaBiS2
QD size the higher the cell efficiency. That means that electron
injection, from NaBiS2 to TiO2, increases for the smaller
particles due to the favorable relatively positions of their
respectively conduction bands. The increasing tendency of the
cells efficiencies suggest that the NaBiS2 optimal size was not
found yet, but it would be smaller than 4.5 nm; research is still
in progress. The fill factors did not significantly change from
one cell to another, and the values are relatively low, indicating
a high recombination rate in these systems. It is important to
mention that photoelectrodes submitted to thermal annealing

at 150, 175, and 200 °C, for 30 min in air, show a very slight
efficiency diminishment but no significant differences.
The average current−voltage characteristics of cells,

sensitized by Bi2S3 QDs of different sizes, are shown in Figure
6b. Once again, the concentration of the Bi(III) precursor
solutions, corresponding to the fabrication of the photo-
electrodes, are indicated in the inserted legend. The photo-
voltaic parameters of the different solar cells (extracted from
curves in Figure 6b) are shown in Table 2. As can be seen, a
considerable increment of about 1 order of magnitude, in the
conversion efficiency, was observed in comparison with the
analogous cells using NaBiS2 QDs as sensitizers. This fact
suggests a probable slower recombination rate when using the
Bi2S3 QDs, which are more crystalline than the NaBiS2
nanostructures. It is important to mention that the heating in
the synthesis procedure might not only favor the crystallinity of
the Bi2S3 QDs, but also its tighter contact onto the TiO2
surface. Also, a better energy band alignment and/or a higher
sensitizers loading could favor the better performance, in the
case of Bi2S3 QDs sensitized solar cells. The short circuit
photocurrent and the fill factor were the most relevantly
improved parameters with respect to the case of NaBiS2. These
parameters values are among the highest reported for any Bi2S3
QDs sensitized solar cell to date. The larger the size of the Bi2S3
QDs, up to 6.2 nm in our study, the higher the cell efficiency.
Despite the fact that the cell design was not optimizedthe
cells are not hermetically closed, the electrical contacts were not
silver painted, compact blocking layers were not used, the TiO2
porous layer structure does not have an optimized porosity and
thickness nor light diffusing elements59the efficiency of
0.84% is the highest value found in the literature for any Bi2S3
photoelectrochemical solar cell. The performance of the cells

Table 1. Calculated Bi2S3 QDs Sizes, from the
Corresponding Gap Energy Valuesa

[Bi(III)] (M) Eg (eV) calculated size (nm)

Bi2S3 QDs 1 × 10−3 1.68 ± 0.07 6.2 ± 1.5 (TEM)
5 × 10−4 1.87 ± 0.07 4.9 ± 1.2 (W)
2 × 10−4 2.20 ± 0.07 3.7 ± 0.9 (W)

aThe errors in Eg calculations are included in the respective table cell.
[Bi(III)] stands for the Bi(III) precursor solutions concentration used
in the sample preparation, and W indicates the size values which were
derived from the Eg blue-shift, using the Wang’s relation.57 Particularly,
for the sample with [Bi(III)] = 1 × 10−3 M the average size displayed
is that obtained from TEM micrographs (TEM), its standard deviation
is presented as error. Strictly speaking, the error in W calculations is
0.4 nm; however, we have decided to include as error a value that
considers the effect of sized dispersion of the [Bi(III)] = 1 × 10−3 M
sample on the parameters derived from it, used in the W approach for
the rest of the samples.

Figure 6. Average current−voltage characteristic of photoelectrochem-
ical solar cells, using different QD sizes in the (a) NaBiS2/TiO2-P25
and (b) Bi2S3/TiO2-P25 photoelectrodes. At least three devices of
each type were measured.
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might also be improved by passivating the QDs surface; ZnS,
CdS and SiO2 have been successfully applied in other systems
for that purpose.59 Molecular dipoles can also improve the
electron injection efficiency.59 Another important element that
has to be optimized is the counterelectrode; in this study we
observed that Na impurities in the synthesis procedure,
crystalline phase, and the particle size of the cobalt sulfide
strongly affect the catalytic activity of the counterelectrode in
contact with the polysulfide electrolyte; research is still in
progress.
In order to test the stability of the cells, the short circuit

photocurrent density versus time was measured for the best
cells of both types of sensitizers; see Figure 7. The irradiation

condition is the same to that of the J−V measurement. As can
be seen, the photocurrent of the cell using Bi2S3 QDs was
relatively stable for about 5 h, and then it started to drop,
probably due to the oxidation of the electrolyte (the cell is not
hermetically closed). It was verified that the electrolyte is
oxidized after about 5 h of aging in the sandwich-like structure
of the cell used; see the Supporting Information. No significant
change was detected in the average absorption spectrum of this
photoelectrode, after this test. That indicates minimal photo-
corrosion of the Bi2S3 QDs. When using NaBiS2 QDs as
sensitizer, the photocurrent remained stable only for about 1 h,
and a visible discoloration of the photoelectrode took place.
This fact is in accordance with the observed attenuation of the
electronic absorption and the Raman signals of the NaBiS2
sensitized TiO2 layers after this test; for more details see the
Supporting Information. Vogel et al.36 also reported a rapid

photodegradation (within minutes) in QDs obtained by 1 min
SILAR, using saturated Bi(NO3)3 and 0.5 M Na2S aqueous
precursor solutions on TiO2 porous layers. These facts and the
previous results presented in this work support the hypothesis
that these authors36 basically obtained NaBiS2 QDs.
The lack of information about thermodynamic, optical, and

electrical parameters of NaBiS2, in the literature, makes
impossible a direct comparison with Bi2S3 in relation with the
stability of these materials. A possible explanation for the
observed lower stability of the NaBiS2 amorphous nanostruc-
tures compared with the crystalline Bi2S3 QDs is as follows.
Structural disorder, associated with the amorphous nature of
the deposited NaBiS2 QDs, turns them into nanostructures
with a defect-rich lattice. The higher density of lattice strains,
dangling bonds, dislocations, and some others defects can
confer a higher reactive character and a lower stability to
NaBiS2, compared with the crystalline Bi2S3 QDs. Amorphous
chalcogenide semiconductors are known to be structurally
disordered, thermodynamically in nonequilibrium, and kineti-
cally unstable materials.60 Typically, those amorphous
chalcogenides drastically change their physicochemical state
by illumination and/or thermal annealing processes.60 In this
work we observed both thermal and illumination instabilities of
the deposited amorphous NaBiS2 nanostructures. Additionally,
the hole accumulation on the surface of chalcogenide
semiconductors has been identified as a corrosion inducing
factor.37 Probably, the amorphous NaBiS2 nanostructures also
have slower kinetics of hole transfer to the electrolyte than the
crystalline Bi2S3 QDs.

■ CONCLUSIONS

Using Bi(NO3)3 as a bismuth precursor and Na2S as a sulfur
source, in the SILAR technique, low crystalline NaBiS2 QDs are
obtained as the main product on the surface of the TiO2
nanoporous layers. This result contrasts with what has been
claimed by other authors.36,37,45 New insights related with the
lattice spacing and the Raman spectrum of NaBiS2 were
disclosed. Replacing Na2S by elemental sulfur vapor, in the
deposition procedure, crystalline Bi2S3 QDs are obtained. In
our synthesis conditions, an immersion time shorter than 30
min does not favor the QDs deposition on the TiO2 porous
layer side close to the substrate; this situation persists even
when many repetitions of 1 min immersion are performed. The
solar cells, using photoelectrodes sensitized by Bi2S3 QDs,
reached an efficiency 1 order of magnitude higher than the one
using the low crystalline NaBiS2, which are also less stable over
time. A maximum efficiency of 0.84% was obtained when Bi2S3
QDs sensitized cells were used, which constitutes the highest
value reported for any photoelectrochemical cell using this
nanomaterial as an absorber. However, this value can be

Table 2. Average Photovoltaic Parameters of Photoelectrochemical Solar Cells, Using Different Quantum Dot Sizes in the
NaBiS2/TiO2-P25 and Bi2S3/TiO2-P25 Photoelectrodesa

[Bi(III)] (M) QD size (nm) Isc (mA/cm2) Voc (mV) FF η (%)

NaBiS2 QDSSC 1 × 10−3 4.5 ± 1.7 (TEM) 0.21 ± 0.03 215 ± 5 0.36 ± 0.05 0.016 ± 0.006
5 × 10−4 0.25 ± 0.03 352 ± 8 0.38 ± 0.07 0.033 ± 0.011
2 × 10−4 0.40 ± 0.04 354 ± 8 0.37 ± 0.05 0.052 ± 0.013

Bi2S3 QDSSC 1 × 10−3 6.2 ± 1.5 (TEM) 6.03 ± 0.11 240 ± 7 0.58 ± 0.05 0.84 ± 0.11
5 × 10−4 4.9 ± 1.2 (W) 2.39 ± 0.12 233 ± 8 0.57 ± 0.06 0.32 ± 0.06
2 × 10−4 3.7 ± 0.9 (W) 0.85 ± 0.09 225 ± 7 0.57 ± 0.07 0.11 ± 0.03

aAt least three devices of each type were measured. The standard deviation from the measured photovoltaic parameters average is included. [Bi(III)]
stands for the Bi(III) precursor solutions concentration used in the sample preparation. W and TEM are the same as in Table 1.

Figure 7. Time dependent photocurrent density of solar cells
sensitized with Bi2S3 or NaBiS2 QDs. J0 is the “steady state” short
circuit photocurrent; that value is reached by the cells in about 2 min
(after starting the irradiation), and it is held no further than 5% from
its value, for at least 15 min.
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overcome by optimizing various parameters of the cell, such as
the size of the QDs, the photoelectrode porosity, the surface
passivation, the hermetic sealing of the cell, and a dip study of
cobalt sulfide counterelectrode. Research is in progress.
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