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Abstract
A n-type nanostructured PbS thin films were prepared by chemical bath deposition onto flat Silicon (Si) and Silicon nanowires 
(SiNWs) which were derived from electroless etching of Si substrates. The morphological characterization was carried out 
by scanning electron microscopy (SEM), while the optical properties were studied using Ultraviolet–Visible Spectroscopy 
(UV–Vis). The catalytic activity was studied by linear sweap voltammetry (LSV) in dark and under white light irradiation 
using potentiostat station. Cyclic voltammetry in presence and without purging  CO2 was also conducted. The LSV inves-
tigations showed the coupling effect between PbS thin films and Si for the rising and transport of the charge carriers. The 
results showed a higher photocatalytic activity toward  CO2 reduction of PbS/SiNWs compared to Silicon substrate without 
any surface modification and sensitization. The electrode based on PbS/SiNWs/Si could efficiently be used as photocathode 
for the PEC reduction of  CO2 to Methanol.

Graphical abstract
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1 Introduction

Nowadays, developing  CO2 transformation via artificial 
photosynthetic processes constitutes a research area of sig-
nificant interest; therefore, scientists spare no efforts to find 
the better way to enable conversion efficiently [1–3]. The 
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photoelectrocatalytic reduction reaction of  CO2  (CO2RR) 
to value-added products may be considered as an economi-
cal approach for the energy-dense storage of intermittent 
renewable electricity. In fact, electric energy can be directly 
converted to chemical energy by reducing  CO2 in a photo-
electrolysis process. Meaningful routes to undergo the  CO2 
transformation such as a dry reforming process are usu-
ally employed [4–6]. Unfortunately, such procedures usu-
ally require high-pressure environments and a considerable 
amount of thermal energy input. Numerous reviews have 
been published to discuss the photoelectrocatalytic (PEC) 
reduction of  CO2. Hence, the state-of-the-art catalytic sys-
tems, the basic principles, and various aspects of the reaction 
were very well developed and understood [7–12]. However, 
most of the photoelectrocatalytic processes that have been 
studied focused on the design of the photoelectrodes and 
how solar energy is harvested and transferred. This means 
that efficiency enhancement of solar energy conversion by 
light harvesting has been the principal theme of numerous 
papers [13–17]. Actually, the solar driven conversion mech-
anisms have all in common that for a high product yield 
efficient light absorption of a semiconductor electrode is 
necessary which is followed by charge separation due to a 
space charge region. Therefore, the conception of photoelec-
trodes that absorb a maximum of solar light and to ensure 
the separation of photogenerated electrons and holes at the 
photosynthetic reaction center continue to be an ultimate 
target that scientists attempt to achieve [18–24].

Generally speaking, the photoelectrocatalytic (PEC) 
reduction of  CO2 usually requires the presence of a photo-
catalyst to design the cathode or the anode (depending on the 
position of the photoelectrode in the electrochemical cell) so 
that when a bias is applied,  CO2 is reduced at the cathode, 
with another species (ideally  H2O) oxidized at the anode. 
In addition, a photocatalyst should combine the properties 
of the semiconductor with other new desirable properties 
which are related to light absorption of the semiconductors. 
In order to harvest light, an efficient photocatalyst should 
absorb as much as possible of the wavelengths of the solar 
spectrum. Nonetheless, this property has not yet been 
achieved; in fact, the common semiconductors only absorb a 
meaningless portion of the solar spectrum. Being motivated 
to hurdle this limitation, light harvesting can be achieved 
by utilizing cocatalysts having the role of absorbing solar 
photons and transferring electrons to the semiconductor.

PEC conversion of  CO2 to energetic products employ-
ing crystalline silicon Si (c-Si) as photocatalyst-based elec-
trode has been investigated by numerous studies [25–31]. 
Modifying the surfaces of silicon wafers by nanostrutura-
tion is one of the promising ways for enhancing the light 
harvesting, since the surface-light losses are significantly 
reduced through photon trapping, enhancing thereby the 
generated current in the whole PEC process. Beside the 

above-mentioned properties, photocathodes of p-Si with 
integrated cocatalysts have previously been demonstrated 
to provide light-enhanced  CO2 reduction, with significant 
faradaic efficiencies.

PbS nanocrystals are of interest because of their strong 
quantum confinement, due to the large exciton Bohr radius 
of both electrons and holes (18 nm) [32]. As silicon pro-
vides a good platform for integration of the thin film opto-
electronic structure into electronic devices, it is a good 
approach to deposit PbS thin films directly at its surface. 
PbS/Si heterojunctions have been widely used in optoelec-
tronic devices, in which the Si is used as substrate, while the 
PbS film serves as IR-absorbing layer [33]. A few reports 
about the PbS-based heterostructures have been made for 
photocatalytic applications [34–37]. Employing buffer lay-
ers can eliminate the problem related to the lattice mismatch 
[38]. Nanostructured silicon, including porous and nanow-
ires forms, can be used as a buffer layer [39–41]. All in all 
PbS/Si structures were investigated in numerous applications 
[42–44]. But still, no studies reported the use of PbS/Si for 
either Hydrogen production nor PEC reduction of  CO2. To 
address this technology gap, in this work, PbS thin films on 
Si nanowires were prepared by a combination of aqueous 
chemical etching of silicon substrates followed by chemical 
bath deposition of nanostructured PbS thin films in order to 
evaluate their photocatalytic activity for  CO2 reduction via 
water oxidation. Our study was motivated by the fact that 
Si nanowires modified by PbS could lead to an improve-
ment in photocatalytic activity provided that the thickness 
of PbS layer on the surface of SiNWs is controlled appro-
priately so that a quick transfer of the electrons and holes 
from SiNWs to the PbS surface is assured. Based on this, 
an ultrathin PbS layer for co-catalysis on a SiNWs photo-
cathode was designed and fabricated by using a Chemical 
Bath Deposition-coating-based method. This ultrathin PbS 
layer-modified SiNWs photocathode could exhibit highly 
efficient performance for  CO2 reduction.

This work demonstrates a facile strategy and potential 
use of low-cost PbS as an efficient cocatalyst with SiNWs 
for solar methanol production that can be applicable in the 
general field of energy conversion. Owing to the suitable 
band alignment between PbS and SiNWs the rapid transfer 
of photogenerated electrons from the CB of SiNWs to the 
CB of PbS for selective PEC  CO2 reduction to methanol is 
facilitated. Thus, to the best of our knowledge, this kind of 
heterostructure was not investigated elsewhere.

2  Experimental procedure

One-step metal-assisted chemical etching process was 
employed to fabricate the silicon nanowires on p-type 
Si(100) substrates with a resistivity ranging between 1 and 
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10 Ω cm (boron-doped). First, the samples were degreased 
in acetone and ethanol, rinsed with deionized water, and 
then dried under a stream of dry  N2. To remove the native 
oxide, the samples were immersed in aqueous HF (10%) 
solution followed by rinsing and drying under a stream 
of dry  N2. An aqueous 5 M HF/0.035 M  AgNO3 solution 
was used for etching the substrates at room temperature 
for different etching times (60 min and 120 min). Then, 
the etched samples were dipped in concentrated  HNO3 for 
5 min to remove all silver particles. Finally, the samples 
were rinsed with deionized water and dried under a stream 
of dry  N2 [45].

PbS thin films were prepared as follows, while samples 
with size of (2 × 1.5  cm2) were used. Prior to deposition, they 
were cleaned with acetone in an ultrasonic bath (10 min) 
followed by washing them in deionized water. Pb(NO3)2 
(1.35 mmol) was dissolved in deionized water (100 ml), 
where a transparent solution was obtained. Then, NaOH 
(8.55 mmol) was added to the solution followed by addition 
of (102 mol) of thiourea. The synthesis of PbS was carried 
at room temperature by soaking the cleaned substrates in 
the deposition bath. Thin films of PbS were deposited on 
p-Si(100) and SiNWs/Si(100) substrates. [46].

The photoelectrochemical performance of PbS/Si(100) 
and PbS/SiNWs/Si(100) samples was evaluated through lin-
ear sweep voltammetry (LSV) using an AUTOLAB poten-
tiostat with a conventional three-electrode setup. For these 
electrochemical purposes, the PbS thin films, deposited onto 
Si(100) and SiNWs-modified Si(100) substrates, were used 
as working electrode (with an effective area of 3  cm2). A 
Ag/AgCl (3.5MKCl) was used as reference and platinum 
wire as counter electrode, respectively. The electrolyte was 
0.01 M  K2CO3 solution. In order to calculate the flat band 
potential (Efb) of the films in the range from − 1.5 to 0.5 V 
vs Ag/AgCl (3.5MKCl), we conducted the electrochemical 
measurements in dark and under artificial visible light deliv-
ered by a lamp with a power of 70 W.

The  CO2 reduction reaction  (CO2RR) measurements were 
performed in an airtight one-compartment electrochemical 
cell under ambient temperature and solar room lightning. 
The compartment consisted of PbS/SiNWs/Si as the working 
electrode, Ag/AgCl (3.5 M) as the reference electrode, and 
the platinum wire as the counter electrode. 0.01 M aqueous 
 K2CO3 was used as the electrolyte and was saturated with 
 CO2 for 30 min which was generated by making mixtures 
of (sugar + baking powder + warming water). The generated 
 CO2 gas was bubbled into water continuously with a uniform 
velocity (10 sccm). The photoelectrocatalytic measurements 
were carried out by sweaping the potential from − 1.5 to 
+ 1.5 V for 1 h (10 cycles). The liquid phase products were 
analyzed by GC measurements. The samples were analyzed 
using Gas Chromatography equipped with a thermal con-
ductivity detector.

3  Results and discussion

3.1  Formation of silicon nanowires and PbS 
deposition

Metal-assisted etching involves metal deposition on a Si 
substrate from a metal ion containing a HF solution. Fig-
ure 1 shows an Ag particle deposited on the Si surface 
prior to etching. Metal deposition is a localized chemical 
redox process in which both anodic reaction (Si oxidation) 
and cathodic one  (Ag+ reduction) occur simultaneously at 
the Si surface [47].

Si oxides are etched by HF and dissolved in aqueous 
solution. The etching mechanism begins with the electro-
less deposition of Ag particles on the Si substrate. Firstly, 
electrons of the Si are captured from its valence band by 
 Ag+ ions and are reduced to Ag nuclei. Secondly, the Si 
hexafluoride anion  (SiF6

2–) is formed by oxidation of the 
Si directly under the deposited Ag particles and subse-
quent dissolution of the oxide by HF. The metal particles 
then etch through the Si and the remaining sidewalls form 
the Si NWs as shown in Fig. 2.

Figure 3a shows the SEM micrograph of the prepared 
Si NWs. The nanowires are distributed over the whole sur-
face of the sample. Figure 4a shows the long Si nanowires. 
Figure 4b shows the SEM image of the PbS nanocrystal-
line thin film prepared on the SiNWs/Si(100) substrate 
by the CBD method. The PbS starts to grow locally at the 

Fig. 1  A schematic of the electroless metal deposition process. (Color 
figure online)

Fig. 2  A schematic of Ag-assisted etching process of Si surface to 
form the Si NWs. (Color figure online)
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silicon nanowires until it covers their whole surface (see 
Fig. 3c). A schematic presentaton of the PbS deposition 
on SiNWs is given in the Fig. 4.

Promoting light absorption by photocathodes is an ulti-
mate target to achieve. The light absorption capability of 
photocathodes is intrinsically determined by the optical 

property of the semiconductors. Given the same choice 
of semiconductor material, its light absorption could be 
enhanced by surface texturing or electrode nanostructuring. 
Many photoelectrodes are prepared based on bulk semicon-
ductors with planar and smooth surface, which typically 
exhibit limited photocurrent density because of severe light 

Fig. 3  SEM observations of SiNWs (etching time = 2 h) and modified Si(100) substrates a before and b, c after PbS thin film deposition. (Color 
figure online)

Fig. 4  Schematic process of 
PbS deposition on a SiNWs 
surface (the orange region sup-
posed to be native  SiO2). (Color 
figure online)
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reflection on planar surface. For example, the reflectance 
of a typical polished Si wafer is 25–60% over a wide spec-
trum from 350 to 1100 nm. When subjected to surface nano-
structuring, the surface of Si substrate can be engineered to 
form nanostructures for trapping the incident light, thereby 
reducing the light reflectance. Also, light harvesting by a 
single semiconductor material is sometimes limited. Adding 
another complementary light-absorbing material in addition 
to the semiconductor may enhance the overall light-harvest-
ing capability and has been proved as an effective strategy 
recently. Silicon is a popular p-type semiconductor material 
for PEC  CO2 reduction, but has limited light absorption. An 
approach to overcome this limitation consists on the fabrica-
tion of SiNWs-coated PbS array photocathodes (Fig. 5). PbS 
has a much narrower bandgap of ~ 0.56 eV. Its incorporation 
here extended the light absorption range of the photocath-
ode. Moreover, the proper band alignment between PbS and 
SiNWs facilitated the rapid transfer of photogenerated elec-
trons from the CB of SiNWs to the CB of PbS for selective 
PEC  CO2 reduction to methanol.

Figure 5 shows the total reflectance spectra of SiNWs and 
the flat-Si substrate both covered with PbS thin film. The 
total reflectance of flat-Si/PbS (figure inside) demonstrates 
the well-known behavior of the wafer, the reflection value 
of ~ 30% for the range of the strong absorption (λ < 1 μm), 
and for the transparency region (λ > 1 μm), the reflection 
value increases because of both side contributions. Also, 
SiNWs exhibit a strong decrease of the total reflectance to 
5–10% in the spectral region λ < 1 μm in comparison to the 
flat-Si substrate (figure inside). It is clearly seen that cover-
ing both silicon surfaces with PbS thin film broaden further 
the wavelength absorption in the IR spectral region, the sam-
ple with SiNWs/PbS looks similar to “black silicon”, and its 
antireflection property can be beneficial in photoelectrocata-
lytic applications. The strong light scattering and absorption, 
which results in partial localization (trapping) of the excita-
tion light in SiNWs/PbS arrays, could enhance the photo-
electrocatalytic activity when it is used as photoelectrode.

Figure 6 shows the typical spectra of the interband PL, for 
comparison, of bare SiNWs substrate and SiNWs/PbS sam-
ples for different time deposition. Photoluminescence (PL) 
spectra for bare SiNWs (blue), 10 min of CBD PbS (black), 
and 30 min of CBD PbS (red). The ability to uniformly coat 
nanowires with a single layer of PbS nanoparticles allows for 
a unique way to tune the optical properties of these materials 
by simply controlling the time of CBD layer.

3.2  Energy diagram and band position of PbS/Si

In an attempt to construct the band diagram energy of the 
studied heterostructure, we have used the diffuse reflectance 
of the PbS/Si in order to determine the bandgap energy of 
the PbS thin film which was estimated, employing the Kab-
ulka Munk relation [48], to be equal to 0.56 eV. Regarding 
what was reported in previous studies, the mean grain size 
of PbS particles corresponding to 0.56 eV is about 10 nm 
[34]. The relationship between the bandgap of PbS QDs and 
particle size is summarized in Fig. 7.

3.2.1  Flat band determination

This paper deals with the energetics (bandgap, band ener-
gies) of PbS thin films. To decide what photoelectrochemical 
processes are possible at a semiconductor/liquid interface,’ 
one must know the magnitude of the bandgap energy (Ebg), 
the relative energies of the band edges, and the location and 
density of states within the gap. Ebg is usually measured 
by spectroscopic and/or electrochemical methods. The band 
edges are usually located energetically by determination of 
the flat band potential (Vb), which can be estimated at sin-
gle-crystal semiconductor electrodes by capacitance meas-
urements (Mott-Schottky plots) or by the potential depend-
ence of the photocurrent.
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Fig. 5  Reflectance spectra of flat silicon and SiNWs. a both recov-
ered with PbS thin film and b without PbS deposition. (Color figure 
online)

Fig. 6  PL spectrum of SiNWs-coated PbS thin film. (Color figure 
online)
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The flat band potential (Vfb) was determined by plotting 
I–V curves both in the dark and under illumination (Fig. 8). 
The increase of the photocurrent (Jph) toward the anodic 
direction confirms the n-type conductivity of PbS. In KOH 
media, Jph starts to flow at a potential Vonset of − 0.41 V and 
increases until saturation. We found the type of conductivity 
of the deposited PbS thin film electrochemically by carrying 
out LSV with a PbS sample in dark and under illumination. 
The obtained PbS thin film has an « n» type conductivity.

The linear plot of Iph
2 intercept the potential axis gives the 

flat band potential  Efb. The energies of the valence (EVB) 
and conduction bands (ECB) of a material are of great 
importance in applied photocatalysis and valuable informa-
tion can be extracted from the PEC characterization. Their 

knowledge allows the energy diagram construction of the 
different band energy position of the studied material.

They can be determined using the following relations:

where − 4.75 eV represents the potential of the reference 
electrode (SCE) vs vacuum and Ea is the activation energy 
which is the difference between conduction bande and 
Fermi level. For Eg of 0.56 eV, we found the following: 
ECB =  − 4.54 eV  and EVB =  − 5.10 eV.

As can be seen from Fig. 9, the Si valence band edge is 
obviously below the PbS band edge, which satisfies the ener-
getic requirement for hole transfer. Moreover, the Si con-
duction band is higher than that of PbS; hence, for contact 
formation, the electrons will be transferred from the Si to 
PbS until a thermodynamic equilibrium is established. This 
will result in the formation of an electron depletion region 
and surface upward-bent band in Si to facilitate electron and 
hole transfer.

The PbS/electrolyte interface is equivalent to a double 
electrochemical layer which behaves like a capacitor of 
capacitance  Cdc, (Gouy-Chapman model).

ECB = −4.75 + e Vfb + Ea,

EVB = ECB −Eg,

Fig. 7  The relationship between the bandgap of PbS and particle size. 
(Color figure online)
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Fig. 8  LSV curve of PbS pellet in aqueous KOH solution (0.1  M). 
(Color figure online)

Fig. 9  Energy diagram illustrating the band energy positions of PbS/
Si heterostructure. (Color figure online)

Fig. 10  Equivalent electrical Circuit of the PbS/0.1 M KOH interface. 
(Color figure online)



841Journal of Applied Electrochemistry (2022) 52:835–848 

1 3

Electrical impedance of this interface is calculated by 
mean of complex impedance R//C circuit (mounted in 
parallel):

where ω (rd/s) is pulsation and i is the imaginary number 
(i2 = − 1).

The Nyquist impedance curve is carried out using poten-
tiostat equipped with an impedance meter, the same which is 
used for (I–V) measurements, with a broad range of frequen-
cies. The curve allows the obtention of the charge transfer 
resistance  (Rtc), the capacity of the double layer  (Cdc), and 
the electrolyte resistance  (Rel), corresponding to our system 
PbS/electrolyte which can be simulated by the equivalent 
electrical circuit equivalent given in Fig. 10.

Nyquist curve consits of plotting the imaginary part of 
the impedance as function of the real part in orthonormal 
system. Half-circle diameter is equal to the resistance Rtc 
and the pulsation at the maximum is equal to {Rtc Ctc}−1 
(see Fig. 11).

The shifting from origin corresponds to the electro-
lyte resistance (Rel ~ 350 Ω  cm2) weak for a KOH solution 
because of the high mobility of  OH− ions (190 Ω/cm mol).

3.3  Photoeelectrocatalytic properties

The photoelectrocatalytic properties were first tested toward 
water splitting in absence of  CO2. Fig. 12 shows the LSV 
tests for the two PbS/SiNWs/Si-based working electrodes, 
in dark and under artificial visible light, for different 
SiNWs samples. As can be seen, at − 1 V vs Ag/AgCl (the 

Z = 1∕ (1∕R + iwC)

theoretical potential necessary for water reduction), the gen-
erated cathodic photocurrent for the SiNWs/Si(100) in dark 
is negligible compared with the cathodic photocurrent of the 
PbS/SiNWs/Si(100)-based electrode. It shows also a higher 
photocurrent than the SiNWs electrode under illumination 
which is due to the synergy between the PbS nanoparticles 
and SiNWs to generate charge carriers for water splitting. 
Additionally, the photocurrent of PbS/SiNWs/Si(100) elec-
trode, with nanowires that were obtained after 2 h of etching, 
was improved with respect to the PbS electrode with lower 
etching time nanowires, which means that the electron–hole 
transport to the surface was improved. This observation is 
consistent with the fact that PbS/SiNWs/Si dispose of a wide 
range of the light spectrum, as was observed in the reflec-
tance spectra (which was not reported here).

From these results, it is theoretically possible to photo-
electrochemically reduce carbon dioxide to methanol and 
or formate, even if the  CO2/methanol reduction potential 
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is only 20 mV positive below that of water, which would 
indicate a competition of  CO2RR with hydrogen generation. 
But, the studied working electrodes based on PbS/SiNWs/Si 
have a high hydrogen overpotential which allows the reduc-
tion reaction of carbon dioxide to achieve high selectivity 
toward  CO2RR.

3.4  Investigations of PbS/SiNWs/Si photocathodes 
for  CO2 reduction reaction

The cyclic voltammograms (CVs) of the PbS/SiNWs/Si are 
shown in Fig. 13. On a freshly prepared electrode, a dis-
tinct oxidation peak is present in the first anodic scan under 
 CO2-saturated conditions (pH = 10), corresponding to the 
oxidation of PbS species to  Pb1−xS [49] as is given in the 
following equation:

A formation of a metastable sulfur-rich sulfide underlayer 
is supposed to occur at the initial oxidation stage, yield-
ing a monolayer of  PbCO3 in alkaline solutions [49]. It is 
interesting that the oxidation peak appears when the solu-
tion was saturated with  CO2, indicating that the oxidation of 
PbS particles is related to  CO2 or  CO3

2−/HCO3
−. The peak 

remains unchanged in the following scans. Moreover, with 
 CO2, an enhanced cathodic current is observed at poten-
tials ≤ − 0.5 V (vs. Ag/AgCl electrode), which demonstrates 
that the  CO2 is effectively reduced [50]. Also the influence 
of PbS particles was evidenced through the enhanced the 
photocatalytic activity of the photocathode after decorat-
ing SiNWs with the sulfide. Hence, the shift toward posi-
tive potential values after addition of PbS nanoparticles was 
observed (see Fig. 8b). An enhancement of 200 mV was 
noticed. The same effect was noticed after saturating the 
solution with  CO2. A shifting of about 400 V was observed 
which confirm the photocatalytic activity of the working 
electrode toward  CO2.

As seen in this figure, the same current density can be 
achieved with a lower applied potential when the electro-
lyte is satured with  CO2. This indicates the conversion of 
 CO2 to methanol instead of hydrogen generation since the 
thermodynamic potential for photoelectrochemical reduction 
of  CO2 to  CH3OH in the presence of protons is generally 
explained by the following equation and its corresponding 
reduction potential:

Considering the positive oxidation state(s) of metal cent-
ers, in conjunction with the facile removal of chalcogenide 
anions in aqueous solutions, a Pb layer could be achieved 
through onsite electrochemical oxidation of PbS during 
 CO2RR [50]. Previous studies reported that during photo-
electrocatalysis, the nanocrystalline PbS was reduced to Pb 
and it is demonstrated that during the PbS-to-Pb transforma-
tion, a new phase of  PbCO3 was initially generated from the 
equilibrium  S2−/CO3

2−/HCO3
− anion exchange, and  PbCO3 

was the primary source to trigger the formation of Pb thin 
films [51]. The PEC stability of the SiNWs/PbS-based pho-
tocathodes was evaluated by chronoamperometry measure-
ments at fixed potential of − 0.6 V for 60 min (Fig. 14). The 
stability of the photoelectrodes shows a gradual degradation 
from the beginning until 1500 s after that remains stable 
during the rest time. The deterioration of the photocathode 
was caused by the photocorrosion of the PbS layer with 
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Fig. 13  a Cyclic voltammograms (10  mV/s) of a freshly prepared 
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30 min of  CO2 bublling which show the successful reduction of  CO2. 
b Detailled cathodic current of the cyclic voltammetry curves. (Color 
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apparition of new Pb layer as it was attested by the EDX 
elemental mapping (Fig. 15b).

 Figure 15 shows the EDS analysis and the corresponding 
SEM micrograph of the surface of the working electrode 
used for  CO2RR at the end of the reaction. It can be seen that 
sulfur « S» had disappeared and one can only see lead « Pb» 
remained, which means that the PbS was effectively turned 
to Pb during the  CO2RR. Some carbon element atoms were 
detected on the surface, which supports the results previ-
ously reported in ref [51].

For a practical system, chemical stability is a critical issue 
for realizing large-scale implementation of solar energy con-
version. Many semiconductors, such as metal sulfide materi-
als, silver/containing compounds, copper-based materials, 
zinc oxide and so on exhibit relatively low chemical stabil-
ity due to light-induced photocorrosion. For instance, metal 
sulfide-based photocatalysts are susceptible to corrosion 
under illumination, during which the surface sulfide ions 
 (S2−) are oxidized by photogenerated holes to form sulfate 
 (SO4 2−) and/or sulfur  (S0) depending on whether or not 
molecular oxygen is present, thus resulting in deactivation 
of the photocatalyst.

To date, numerous efforts have been devoted to restrain-
ing the photoinduced instability of semiconductor with a 
focus on parameters such as modifying the crystal structure, 
size, and morphology of semiconductors, doping with ani-
ons and/or cations, combining with other semiconductors, 
hybridizing with various cocatalysts, and tuning the condi-
tions for different reaction systems.

In the case of PbS particles, an attempt consisting on cap-
ping them with thiols has been investigated and the results 
revealed that this approach could enhance the photostabil-
ity in the near-IR spectral range. This was reported in the 
study conducted by Xusheng Zhao et al. [52] whose synthe-
sized Thiol-capped water-soluble PbS nanocrystals (NCs) 
stabilized with 1-thioglycerol, dithioglycerol, or a mixture 
of 1-thioglycerol/dithioglycerol (TGL/DTG) which were 
prepared via one-stage synthesis at room temperature. We 
found that NCs stabilized with a TGL/DTG mixture and 
show efficiency and good photostability in the second “bio-
logical window” (1050–1200 nm).

Other explanation regarding the photogenerated-hole-
induced instability metal sulfides must be taken into 
account. Indeed, upon suitable light illumination, elec-
trons and holes are generated from the conduction band 
(CB) and valence band (VB), respectively. Photoexcited 
electrons are smoothly transferred to the surface, while the 
transfer of holes is problematic. The photogenerated holes 
could be enriched on the outer surface of a metal sulfide 
photocatalyst before being consumed by electron donors in 
the reaction system. Under such circumstances, photocor-
rosion originating from irreversible hole-driven oxidation 
reactions in metal sulfides has frequently been observed, 
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Fig. 14  I-t curve of SiNWs/PbS-based electrode for fixed voltage of 
− 0.6 V for 60 min. (Color figure online)

Fig. 15  a EDX and b SEM analysis of the surface of the working 
electrode PbS/SiNWs/Si after  CO2RR. (Color figure online)
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leading to the oxidation of surface sulfide ions  (S2−) to 
sulfur  (S0) and/or sulfate  (S2O3

2−), thereby resulting in low 
photostability of metal sulfides that greatly restricts their 
practical applications. Therefore, excess of photoinduced 
holes which accumulate on the surface of metal sulfide is 
the principle source of photodissolution [53]. FTIR spectra 
of PbS films are displayed in Fig. 16. The main spectral 
features are similar, excepting the intensity of the absorp-
tion band of  CO3

2− at ∼ 1384  cm−1; the band located at ∼ 
1921  cm−1 was assigned to be one of the fundamental fre-
quency of  COO− bonds. The broad absorption band at the 
∼ 3423  cm−1 region can be attributed to stretching of the 
-OH groups of defective sites and the physically adsorbed 
water molecules. The band at ∼ 1018  cm−1 was ascribed 
to the vibration of amine groups. The peaks at ∼ 2341 
and ∼ 2369  cm−1 are characteristic of  COO− stretching 
vibrations, confirming the presence of acetate ions which 
indicate the bonding to the surface of PbS by the carboxyl 
groups. The Pb–S bond is mainly an electrovalent bond; 
thus, the FTIR spectrum of PbS does not show strong 
bands associated with Pb–S stretching and bending vibra-
tion. The bands at ∼ 780 and ∼ 920  cm−1 were not identi-
fied, but may be associated with Pb–O bond. These spectra 
clearly do not show peaks corresponding to  CH3–COO−, 
 OH−, and  CO3

2− ions which are supposed to remain on 
the surface of nanocrystals, which means that they were 
removed by washing with distilled water and drying the 
films with dry  N2 flow.

Figure 17 shows the characteristic peaks of a Gas Chro-
matograph for the electrolyte before and after  CO2RR and 
for the pure Methanol which was used as standard to allow 
the different concentration calculations. As we can see, 

methanol was detected as one of the main products among 
the multiple other products of  CO2RR in very small con-
centrations compared to that of methanol. This is in accord-
ance with the constructed energy diagram of band energy 
positions of Si and PbS in which, the CB of PbS was well 
positioned to allow the reduction of  CO2 to methanol instead 
of other products and electron transfer increased by the 
enhanced light absorption of silicon nanowires that makes 
the reduction easy thanks to the availability of sufficient 
electron to allow the transformation of  CO2 to Methanol 
according to Eq. 2.

The consumption of electrons during the reduction of 
 CO2 is associated by the utilization of produced holes for 
anodic oxidation of PbS to  PbCO3, hence, the photocorro-
sion is avoided and a thin film of Pb is produced on the 
surface of the SiNWs which plays itself the role of elec-
trocatalyst as explained previously. The electrode based on 
PbS/SiNWs/Si could be used as photocathode for the PEC 
reduction of  CO2.

3.5  Solar‑to‑fuel (STF) efficiency

The solar-to-fuel (STF) efficiency describes how efficiently 
solar energy is converted to chemical energy (products). It 
can be calculated from the following equation [54]:

Fig. 16  FTIR analysis of electrode’s surface before (1) and after (2) photoelectrochemical investigation. (Color figure online)

Fig. 17  Characteristic peaks of a Gas Chromatograph of a electrolyte 
before  CO2 reduction, b electrolyte after  CO2 reduction and c pure 
methanol. Approximate peak time for methanol: 2 min. (Color figure 
online)
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In this equation, ΔG is the standard Gibss free energy 
of the product, n is the amount of product in mol, P is the 
power density of the light source, where DG is the prod-
uct’s standard Gibbs free energy of the formation, P is the 
light illumination power density, S is the geometric area of 
the photoelectrode, and t is the PEC reaction time. An effi-
cency of about 4.28% was calculated based on the follow-
ing information: concentration of pure methanol in 0.2 µl 
381,790,452 ppm. Daylight power 200 W, electrode Area of 
2.25  cm2, reaction time of 3600 s, AG° = 29 kj/mol for meth-
anol formation in aqueous solution.

The characterization evolved here by the gas chroma-
tography was that of the methanol converted from  CO2 
after 1 h. By analyzing the results, we think that the reduc-
tion does not reach yet the maximum, after this small time 
interval, but we cannot be sure as we have not investigated 
the amount of methanol produced for more than 60 min 
to clearly see the maximum. An evidence is that, the effi-
cient conversion of  CO2 to methanol is possible due to 
the suitable conduction band (CB) edge potential of the 
PbS semiconductor which indicate that the photogenerated 
electrons possess enough energy to reduce  CO2/CO3

2− into 
methanol molecules. Meanwhile, it is important to bear in 
mind that a pair of competitive reactions (i.e., photoelec-
trocatalytic reduction and photoelectrocatalytic oxidation) 
might take place in our photoelectrocatalytic reduction 
of  CO2. According to our results, a low concentration of 
methanol is produced, and the reaction rate of the photo-
electrocatalytic reduction of  CO2  (kpecr) seems to be faster 
than that of photoelectrooxidation  (kpeco). However, it is 
evident that after the concentration of methanol reaches a 
certain value, the photocatalytic oxidation reaction, which 
is caused by the photogenerated holes, might take over the 
reaction rate control, leading to the decrease of the metha-
nol concentration. Hence, controlling the methanol forma-
tion is an important step which must not be neglected to 
avoid any reverse process and also it is interesting to note 
that the high selectivity of the photoreduction product of 
methanol can be achieved by using a IR light source.

4  Conclusion

In this work, working electrodes based on PbS thin films on 
SiNWs/Si substrates were applied as photocathode in both 
water splitting and  CO2 reduction reactions. The bandgap 
energy of PbS was calculated to be 0.56 eV which means 
that the obtained PbS particles were nanocrystallines. The 
impact of introducing the PbS nanoparticles was well estab-
lished and evidenced. It was shown that the performance 

(3)�STF =
ΔG × n

P × A × t
× 100

toward water reduction of the photocathodes was influenced 
by the etching time duration during SiNWs preparation. The 
 CO2 photoelectrocatalytic test showed that the PbS thin film 
on nanostructured Si exhibits a higher  CO2 reduction in 
comparison with the flat Silicon. Suitable band alignment 
between PbS and SiNWs facilitated the rapid transfer of 
photogenerated electrons from the CB of SiNWs to the CB 
of PbS for selective PEC  CO2 reduction to methanol. An 
effective separation of the charge carrier and their transport 
to the surface due to suitable positions of energy bands was 
verified by the band diagram of energy position of the PbS/
Si. It was concluded that a  PbCO3 film was formed on the 
surface of the SiNWs which prevented photocorrosion of 
the surface. Methanol was the main product produced from 
the  CO2RR confirming the applicability of the PbS/SiNWs/
Si-based photocathode for PEC reduction of  CO2. In addi-
tion, the direct oxidation of nanocrystalline PbS could be 
a good method for direct preparation of d-orbital-filled Pb 
nanocrystals. The oxidation of PbS to Pb is not a drawback 
since nanocrystalline Pb is one of the universal electrocata-
lyst to produce formic acid as a primary product of  CO2RR 
in aqueous electrolytes.
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