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Abstract
Herein, we report an efficient method to produce lead sulfide PbS nanoparticle-decorated silicon (Si) pyramids arrays on a Si 
substrate by using pure chemical methods. A n-type nanostructured PbS thin films were prepared by chemical bath deposi-
tion onto plat Silicon (Si) and pyramid textured Silicon (SiPYs) which were derived from alkaline etching of Si substrates. 
The morphological characterizations were 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 voltam-
metry (LSV) in dark and under white light irradiation using potentiostat station. Cyclic voltammetry in presence and without 
purging CO2 was also conducted. The LSV investigations showed the synergy effect between PbS thin films and Si for the 
rising and transport of the charge carriers. The results showed a higher photocatalytic towards CO2 reduction of PbS/SiPYs 
compared to Silicon substrate without surface modification and sensitization. The electrode based on PbS/SiPYs/Si could 
efficiently be used as photocathode for the PEC reduction of CO2 to Methanol.
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1  Introduction

PEC conversion of CO2 to energetic products employing 
crystalline silicon Si (c-Si) as photocatalyst-based elec-
trode have been investigated by numerous studies [1–13]. 
Effectively, c-Si, an indirect-gap semiconductor with a low 
absorption coefficient, constitute the most material used in 
the majority of commercial solar-driven devices, in particu-
lar, photovoltaic solar cell. However, effective capture of the 
incident light of silicon is therefore a non negligible stacke. 
In order to make use of light-trapping morphologies, struc-
turing the surface of high-quality silicon thick wafers is the 
traditional technology that attracted large research interest. 

Thus, fabrication strategies for low dimensional morpholo-
gies such as pyramides, porous and nanowires based struc-
tures have attracted a lot of attention [14, 15]. Modifying the 
surfaces of silicon wafer by nanostruturation is one of the 
promising ways for enhancing the light harvesting since the 
surface-light losses are significantly reduced through pho-
ton trapping, enhancing thereby the generated current in the 
whole PEC process [16].

Lead sulfide (PbS) nanoparticles are interesting because 
of their strong quantum confinement, due to the large exci-
ton Bohr radius of both electrons and holes (18 nm) [17]. 
Producing PbS thin films on silicon substrates is important 
because this provides a means for integration of it into elec-
tronic devices. PbS/Si heterojunction has been widely used 
in optoelectronic devices, in which the Si is used as sub-
strate and PbS film as IR absorbent layer [18]. A few reports 
about the PbS-based heterostructures have been made for 
photocatalytic applications [19, 20]. The quality of the PbS/
nanostructured Si/Si interface plays an important role in the 
transport of this charge carrier from the PbS to Si surface. 
Unfortunately, direct growth of PbS onto silicon substrates 
has been a problem. It was reported that lattice mismatch 
of reaching 9% exists [21]. Employing buffer layers can 
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eliminate the problem. Porous silicon has been utilized as 
a buffer between a Si substrate [22–24]. Nanostructured 
silicon buffer layer were also employed for designing Si 
Based photocathodes for PEC CO2 reduction [25, 26]. Lot 
of studies investigated the use of PbS/Si in many applica-
tions [27–29]. Hence, no studies reported the use of PbS/Si 
for PEC reduction of CO2. Hence, in this work, PbS thin film 
on Si modified surface by pyramidat texturation were pre-
pared by combination of double 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. Previous studies 
demonstrated that the photoelectrocatalytical property of the 
Si-based electrodes was greatly affected by the surface struc-
tures and that of nanostructured Si electrodes were more 
effective than flat Si electrode for water reduction [30]. Our 
study was motivated by the fact that the silicon surfaces sen-
sitized by PbS nanoparticles in this way could enhance the 
absorption of visible-NIR wavelenghs and hence could effi-
ciently act as photocatalyst for PEC CO2 reduction to value 
added products. We also predict that the SiPYs modified by 
PbS could achieve an improvement in photoelectrocatalytic 
activity towards PEC reduction of CO2.

1.1 � Experimental Procedure

The pyramidale texturation of the monocrystalline silicon 
sample surface was carried out in KOH aqueous solution. 
The monocrystalline silicon samples were (100) oriented, 
p-doped with resistivity about 1 Ω ~ 10 Ω. The size is about 
1.5 × 1.5 mm2. Before etching, the samples were succes-
sively immersed in acetone then ethanol in ultrasonic clear-
ing machine for 10 min to remove impurity. Then, they have 
been rinsed with flowing deionized water. After rinsing, the 
samples were dried under a stream of dry N2. The cleaned 
samples were textured in an alkaline mixture solution con-
sisting of KOH + IPA (isopropyl alcohol) + H2O at T = 85 °C 
for 15 min. Then, the samples were rinsed with deionized 
water and dried with dry N2 flow [31].

PbS thin films were prepared by following the deposition 
bath steps described previously [32].

The photoelectrochemical performance of PbS/Si(100) 
and PbS/SiPYs/Si(100) samples was evaluated through 
linear sweep voltammetry (LSV) and cyclic voltamme-
try using an AUTOLAB potentiostat with a conventional 
three electrodes setup. The parameters were chosen so as 
to conduct the CO2 conversion in the simplest and practice 
way, hence, we have carried out the experiences at normal 
conditions of temperature and pressure. The photocatalyst 
was supported on silicon wafer since this later is the better 
material used in solar collector. The electrolyte used was 
a solution of K2CO3, it is frequently used as CO2 source, 
but also ensures an alkaline medium which favores the 
CO2 conversion and suppresses as possible the H2 evo-
lution. For these electrochemical purposes, the PbS thin 
films, deposited onto Si(100) and SiPYs modified Si(100) 
substrates, were used as working electrode (with an effec-
tive area of 3cm2); Ag/AgCl (3.5 M KCl) as reference and 
Pt rod as counter electrode. The electrolyte was 0.01 M 
K2CO3 solution. In order to calculate the flat band poten-
tial (Efb) of the films in the range from −1.5 to 0.5 V vs 
Ag/AgCl (3.5 M KCl), we conducted the electrochemi-
cal measurments in dark and under artificiel visible light 
delivred by lamp with power of 70 W. The CO2 reduction 
reaction (CO2RR) measurements were performed in an air-
tight one compartment electrochemical cell under ambient 
temperature and solar room lightning as it was shown in 
Fig. 1. The compartment consisted of PbS/SiPYs/Si as 
the working electrode, SCE as the reference electrode and 
the platinum wire as the counter electrode. 0.01 M aque-
ous K2CO3 was used as the electrolyte and was saturated 
with CO2 during 30 min which was generated artisanally 
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 
speaping the potential from −1.5 V to +1.5 V for 1 h 
(10 cycles). The liquid phase products were analysed by a 
GC measurments. The samples were analyzed using Gas 
Chromatography equipped with a thermal conductivity 
detector.

Fig. 1   Experimental Set-up of 
PEC reduction of CO2
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2 � Results and Discussion

2.1 � Formation and Morphology of Pyramidal Silicon 
and PbS Deposition

Figure 2 shows a schematic model of (100) surface etching 
with NaOH concentration. At the beguining, Si–OH bond 
are formed resulting from the interaction of OH− ions pro-
duced from hydrolisis of NaOH. After that, dehydration 
reaction of silicate glass takes place once IPA was added. 
A vicinal pair are formed by the two unreacted hydrox-
yls left on the two linked silicon atoms are brought much 
closer together [33].

Figure 3a shows the SEM micrograph of the prepared 
Si pyramids textured surface (SiPYs). The pyramids are 
randomly distributed over the whole surface of the sample. 

Different pyramids sizes are apparent as shown in Fig. 3a. 
Figure 4b shows the SEM image of the PbS nanocrystal-
line thin film prepared on the SiPYs/Si(100) substrate by 
the CBD method. The PbS nanoparticles cover the whole 
surface of the SiPYs surface (Fig. 3b and c).

2.2 � Surface Reflectance Measurments

The surface reflectance of the different silicon samples is 
given in Fig. 4a Over the measured interval (400–2000 nm) 
of wavelengths.

The reflectance of pyramids textured surface is signifi-
cantly lower than the reflectance of the non textured surface. 
The reflectance of the pyramids textured surface is lower 
especially at longer wavelengths. The decrease of the reflec-
tance insinuates that a sunlight absorption improvement will 
be occured. The reflectance of PbS sensitized flat silicon 

Fig. 2   Illustration of Si surface 
pyramidal texturation with 
KOH [33]
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sample is given in Fig. 4b. It is clear that the sensitization 
with PbS nanoparticles enhance the optical absorption at 
longer wavelengths and depended on the surface morphol-
ogy of the silicon samples. The optimized reflectance of 
the samples with pyramids textured surface single out this 
approach as very attractive photocathode with enhanced 
functionality for solar driven PEC reduction either of water 
or CO2.

It is known that flat silicon light’s absorption is limited 
to visible range of the solar spectrum. Hence, by structuring 
its surface, either by pyramidal texturation or by produc-
ing nanowires, a broad range of solar wavelengths can be 
absorbed as it is shown in the Fig. 4a, in which the reflectiv-
ity of the silicon surface decreased drastically after pyrami-
dal texturation compared to the non-treated surface which 
means that the light absorption of the silicon surface has 
increased (see Fig. 5). This absorption is further observed 

Fig. 3   SEM observations of SiPYs modified Si(100) substrates (a) 
before and (b, c) after PbS thin film deposition

Fig. 4   Reflection spectra (a) after pyramids texturation and (b) sensi-
tization with PbS
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when a basic polished silicon is used, which indicates that 
the formation of pyramids is sensitive to surface roughness 
and this later is more suitable for producing pyramids.

We have used the diffuse reflectance of the PbS/Si to 
determine the band gap energy of PbS thin film which was 
estimated, employing the Kabulka Munk relation [34] 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 [19]. The relationship between the 
band-gap of PbS QDs and particle size is summurized in the 
Fig. 6. We found the type of conductivity of the deposited 
PbS thin film electrochemicaly by carrying LSV of a PbS 
sample in dark and under illumination.

2.3 � Energy Diagram and Band Position of PbS/Si

An attempt to construct the band diagram energy of the 
studied heterostructure was undertaken. A pellet was made 
from PbS nanopowder obtained at the end of the PbS thin 
film deposition from the chemical bath by filtration of the 
resulting solution.

The increase of the photocurrent Iph along the positive 
polarization (Fig. 7) is consistent with n-type conductivity.

The linear plot of Iph
2 intercept the potential axis gives 

the flat band potential Efb [35]. The energies of the valence 
(EVB) and conduction bands (ECB) of a material are of 
great importance in applied photocatalysis and valuable 
information can be extracted from the PEC characterization. 
Their knowning allows the energy diagramm construction 
of the different band energy position of the studied material. 
They can be detrmined using the following relations:

where −4.75 eV represents the potential of the referenc 
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 and neglicting the Ea, we found: 
ECB = −4.54 eV et EVB = −5.10 eV.

These values indicat that the conduction bande (BC) 
derives principally from orbitale 6  s of lead while the 
valence bande consists of the orbitale 3 s of sulfur and the 
optical transition is attributed to the charge transfert S2−: 
3 s → Pb2+: 6 s.

As can be seen from Fig. 8, the Si valence band edge 
is obviously below the PbS band edge, which satisfies the 
energetic requirement for hole transfer. Moreover, the can-
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. An 
electron depletion region and surface high level band will 
result in Si to facilitate electron and hole transfer.

2.4 � Photoeelectrocatalytic Properties

The photoelectrocatalytic properties were first tested 
towards water reduction in absence of CO2. The Fig. 9 
shows the LSV tests for the two PbS/SiPYs/Si based 

ECB = −4.75 + e Vfb + Ea

EVB = ECB–Eg

Fig. 5   Light-matter interaction on planar Si and Si pyramids

Fig. 6   Evolution of the band-gap of PbS with particle size [19]

Fig. 7   LSV curve of PbS pellet in aqueous KOH solution (0.1 M)
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working electrodes, in dark and under artificial visible 
light, for different SiPYs samples. As can be seen, at -1 V 
vs Ag/AgCl (the theoretical potential necessary for water 
reduction), the generated cathodic photocurrent for the 
SiPYs/Si(100) in dark is negligible compared with the 
cathodic photocurrent of PbS/SiPYs/Si(100) based elec-
trode, which was significantly enhanced by the synergy 
between the PbS nanoparticles and SiPYs to generate the 
charge carriers for reduction of water molecule. Addi-
tionally, the photocurrent of PbS/SiPYs/Si(100), which 
pyramides were obtained on silicon miror polished face, 
was improved with respect to that obtained on silicon 
basic polished face, which means that the electron-hole 
transport to the surface was improved. The fact that PbS/
SiPYs/Si structure disposes of a broad range of the light 
spectrum explain the above observation, as was attested 
by the reflectance spectra.

From these results, it is possible to photoelectrochemi-
cally reduce carbon dioxide to methanol and or formate, 
even if carbon dioxide’s reduction to methanol potential 
is only 20 mV positive of water reduction, which compete 
the CO2RR by hydrogen generation. Therefore, the stud-
ied working electrodes based on PbS/SiPYs/Si have a high 
hydrogen overpotential which allows the reduction reaction 
of carbon dioxide to achieve high selectivity and rates well 
before water reduction occurs.

2.5 � Investigations of PbS/SiPYs/Si Photocathodes 
for CO2 Reduction Reaction

The cyclic voltammograms (CVs) of the PbS/SiPYs/Si 
are shown in Fig.  10. Under CO2 saturated conditions 
(pH = 10), a distinct oxidation peak is observed on the 
prepared electrode, in the first anodic scan, indicating the 
oxidation of PbS to Pb1-xS [36] as was given by the fol-
lowing equation:

Fig. 8   Energy diagram illustrating the band energy positions of PbS/
Si heterostructure

Fig. 9   LSV of SiPYs/Si(100) and PbS/SiPYs/Si(100) based working 
electrodes, as function of surface polishing type in dark and under 
illumination in 10−2 aqueous K2CO3

Fig. 10   Cyclic voltammograms (10 mV/s) of a freshly prepared PbS/
SiPYs/Si photocathode in 0.01 M K2CO3 under light and after 30 min 
of CO2 bublling which show the successful reduction of CO2

7996 Silicon (2022) 14:7991–8000
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A formation of a metastable sulfur-rich sulfide under-
layer is supposed to occur at the initial oxidation stage, 
yielding a monolayer of PbCO3 in alkaline solutions [36]. 
It was noticed that the oxidation peak was observed after 
bubbling the solution with CO2, indicating that the oxida-
tion of PbS particles was influenced by the presence of CO2 
or CO3

2−/HCO3
−. Other peaks were observed and seem to 

be kept in the same position in the following scans. Also, 
an enhanced cathodic current is observed at potentials ≤ 
−0.6 V (vs. SCE electrode), which demonstrates that the 
CO2 is effectively reduced [37]. Also the influence of PbS 
particles was evidenced through the enhancing the photo-
catalytic activity of the photocathode after decorating SiPYs 
with the sulfide. Hence, it was observed in Fig. 8 the shift-
ing towards the positive potential after addition of CO2. An 
enhancing of 200 mV was noticed which confirm the pho-
tocatalytic activity of the working electrode toward CO2.

As seen in this figure, CH3OH evolution increased with 
an increase in the applied potential, the tendency of which 
corresponded to the increase of the photocurrent response 
of the photocathode which occured from the photoelectro-
chemical reduction of CO2 to CH3OH. The thermodynamic 
potential for photoelectrochemical reduction of CO2 to 
CH3OH in the presence of protons is generally explained by 
the following equation:

A lead atom layer could be achieved through the elec-
trochemical oxidation of PbS during CO2RR, due to the 
presence of positive oxidation state(s) of Pb centers, simul-
taneously with the ease of chalcogenide anions removal in 
aqueous solutions [37]. Previous studies reported that during 
photoelectrocatalysis, the nanocrystalline PbS were reduced 
into Pb and demonstrated that during the PbS-to-Pb trans-
formation, PbCO3 phase results from the anion exchange 
equilibrium: S2− / HCO3

− / CO3
2−, and being the principal 

source to bring out the Pb thin films formation [38]. The 
Fig. 11 shows the EDS analysis and the SEM of the surface 
of the working electrode used for CO2RR at the end of the 
reaction, we can see that the sulfur « S » element desapeared 
and one can only see the lead « Pb » element, which means 
that the PbS was effectively turned to Pb during the CO2RR. 
Some carbon element atoms were detected on the surface, 
which suppots the results previously reported in ref. [38].

Other explanation regarding the photogenerated-hole-
induced instability of metal sulfides must be taken into the 
account. Indeed, upon suitable light illumination, a genera-
tion of electrons and holes from the conduction band (CB) 

(1)

2PbS + 3H
2
O + 2CO

2−
3

→ 2PbCO
3
+ 6H

+ + 8e
−

+ S
2
O

2−
3

(E◦ = +0.220 V vs SHE)

(2)
CO

2
+ 6 e

– + 6H
+
→ H

2
O + CH

3
OH E

◦ = –0.62 V vs SCE (−0.38V vs SHE)

and valence band (VB), in the mentioned order. Photoexcited 
electrons passe to the surface while the transfer of holes is 
poses problem. An outer surface enrichment by the pho-
togenerated holes takes place on of the metal sulfide pho-
tocatalyst waiting for being consumed by electron donors 
in the reaction system. Under similar conditions, photocor-
rosion has frequently been observed originating from irre-
versible hole-driven oxidation reactions in metal sulfides, 
driving to the oxidation of surface sulfide ions (S2−) to sulfur 
(S0) and/or sulfate (S2O3

2−), thereby resulting in low photo-
stability of metal sulfides that greatly restricts their practical 
applications. Therefore, the accumulation of excess photoin-
duced holes on the metal sulfide surface is the main cause 
of photodissolution [39]. Figure 12 shows the characteristic 
peaks of a Gas Chromatograph for the 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, a methanol was detected as one of the most 
product between the multiple other products of CO2RR in 
very small concentrations compared to that of methanol. 
This is in adequacy regarding the constructed energy dia-
gram of band energy positions of Si and PbS in which, the 
BC of PbS was well positionned to allow the reduction of 
CO2 to methanol instead of other products, and the electron 
transfert rised by the enhanced light absorption of silicon 
nanowires makes the reduction easy thanks to the availabil-
ity of sufficient electron to allow the transformation of CO2 
to Methanol following the 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 

Fig. 11   EDX analysis of the surface of the working electrode PbS/
SiPYs/Si after CO2RR
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surface of the SiPYs which plays itself the role of electro-
catalyst as explained previously. The electrode based on 
PbS/SiPYs/Si could be used as photocathode for the PEC 
reduction of CO2.

3 � Conclusions

In this work, a working electrode based on coupling PbS 
thin films on SiPYs/Si substrates were applied as photo-
cathode in both water splitting and CO2 reduction reac-
tion. The band gap energy of PbS was 0.56 eV which 
means that the obtained PbS particles were nanocristal-
lines. The impact of introducing the PbS nanoparticles 
was well established and evidenced. It was shown that the 
performance toward water reduction of the photocathodes 
was influenced by the polishing nature of the silicon sub-
strate on which SiPYs structures were formed. The SiPYs 
obtained on miror plished face exhibited the best water 

reduction. The CO2 photoelectrocatalytic test showed 
that the PbS thin film on SiPYs/Si exhibits a higher CO2 
reduction in comparison with the flat Silicon. An effec-
tive separation of the charge carrier and their transport 
to the surface due to suitable positions of energy bands 
were verified by the band diagram of energy position of 
the PbS/Si. It was concluded that PbCO3 film was formed 
on the surface of the SiPYs avoiding by this the photo-
corrsion of the surface. Methanol was the main product 
produced from the CO2RR confirming by the way the 
applicability of the PbS/SiPYs/Si based photocathode 
for PEC reduction of CO2. In addition, the direct oxida-
tion 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 nanocrys-
talline Pb consists one of the universal electrocatalyst to 
produce formic acid as a primary product of CO2RR in 
aqueous electrolytes.

Fig. 12   Characteristic peaks 
of a Gas Chromatograph of (a) 
Electrolyte before CO2 reduc-
tion, (b) Electrolyte after CO2 
reduction and (c) pure metha-
nol. Approximate peak time for 
Methanol: 2 min
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