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a b s t r a c t

When synthetic dyes are used to embellish the world, the wastewater holding these
hazardous materials is wantonly released into the biosphere. Appropriate treatment for
such effluents is thereby indispensable. In this context, the present study was conducted
to fabricate an eco-friendly, cost-effective and new bismuth modified silicon nanowires
(Bi@SiNWs)-based photocatalysts toward superior photocatalytic degradation of methy-
lene blue (MB) dye under both UV and solar irradiations. SiNWs were synthesized by
silver-assisted chemical etching while Bi nanoparticles were anchored onto the NWs
via thermal evaporation. By assessing the morphology, elemental composition, structure
and crystallinity characteristics, these Bi@SiNWs nanocomposites are systematically
identified. Extensive investigations of blank SiNWs and Bi@SiNWs optical properties —
reflectance, transmittance, absorption coefficient, absorbance and optical band-gap — are
presented. Near-perfect absorbance above 97%, over the visible wavelength region, has
been achieved owing to the synergistic effect of Bi decoration on SiNWs. Accordingly,
Bi@SiNWs showed remarkable photocatalytic ability for the degradation of MB up to 44%
and 89% under UV and solar irradiation, respectively, only within 120 min. Repeated cy-
cle runs revealed that the Bi@SiNWs composite photocatalyst exhibits strong reusability
and photo-stability. Lastly, we will thoroughly provide the plausible mechanism for the
photocatalytic degradation of MB over Bi@SiNWs. Our outcomes validate the potent role
of Bi@SiNWs photocatalysts for effective environmental remediation.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past years, the continuous growth of the world’s population conjoined with urbanization and industrialization
as led to rising demand for energy, materials, and chemicals (Rani et al., 2020). The discharge of large quantities of
ndesirable wastes from many artificial sources into the environment is inevitably accompanied by lower quality of
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many ecosystems, mainly aquatic habitats. While the textile, paper, plastic, food processing and cosmetics industries,
play essential roles in the global economy, they also serve as the largest sources of environmental pollution (Wang
et al., 2021). Accurately, myriad volumes of potable water combined with a wide range of hazardous synthetic dyes
are utilized at various manufacturing stages. When the polluted water streams go into lakes and rivers, the pollutants
threaten the aquatic resources, and thus the entire ecosystem including plants, animals, and humans. Because they contain
high concentrations of organic and inorganic compounds, these effluents, or their degradation substances cause serious
water-borne diseases such as skin irritation, nausea, vomiting, diarrhea, congenital malformation, and even cancer (Hu
et al., 2018; Shi et al., 2020). One example of the hazard effluents is Methylene blue (MB), a common cationic dye and
is non-degradable because of its complex structure and can therefore cause long-term pollution (Mehwish et al., 2021).
Thus, effectively eradicating pollutants from wastewater is urgently needed and paramount to protect the environment
and the sustainable development of those industrial sectors.

So far, many conventional treatments such as physical (adsorption, filtration, ion exchange, sedimentation) (Sam-
ami et al., 2020), chemical (coagulation, flocculation, electrochemical) (Liang et al., 2014) and biological approaches
bioaccumulation, bio-sorption, biodegradation) (Kong et al., 2019) have been established. However, the practical use
f these techniques is generally restricted as their applications are associated with complex and/or time-consuming
rocesses, expensive equipment and/or chemicals, and the production of wastes and by-products where some of which
an be more harmful and toxic than the primary pollutants (Al-Mamun et al., 2019; Rosu et al., 2017). Therefore, the
evelopment of better technologies for water treatment and environmental remediation has become mandatory. Indeed,
eterogeneous photocatalytic oxidation, one of the Advanced Oxidation Processes (AOP), has proved to be an easy, cost-
ffective, environmentally friendly, and proper means to water disinfection (Rani et al., 2020; Al-Mamun et al., 2019;
aama et al., 2016; Saratale et al., 2020). In AOP, the photocatalyst absorbs the light energy (solar, UV and/or visible
ight irradiation), and subsequently degrades the hazardous compounds into harmless molecules through the formation
f highly reactive chemical species such as hydroxyl radicals (Rani et al., 2020; Al-Mamun et al., 2019; Naama et al., 2016;
aratale et al., 2020). Certainly, using solar light is an optimal route to treat sewage due to its persistent energy and free
f charge.
Various semiconductor materials, including ZnO, TiO2, WO3, SnO2, Fe2O3, and others, have been widely used as

heterogeneous photocatalysts for degrading organic pollutants to ‘‘green’’ species (Shi et al., 2020; Rosu et al., 2017;
Tang et al., 2018; Theerthagiri et al., 2018; Babu et al., 2018). Nevertheless, two are the well-known drawbacks of these
latter: the fast recombination rate of electron–hole pairs and thus low quantum yield; and the wide band-gap which can
only absorb UV light that accounts for less than 5% of all solar radiation, thus limiting its practical application (Shi et al.,
2020; Rosu et al., 2017; Tang et al., 2018; Theerthagiri et al., 2018; Babu et al., 2018). Other species, like CdS, suffer from
toxicity and photocorrosion (Shen and Guo, 2008). In contrast, one-dimensional silicon nanowires are regarded as a highly
effective option for photocatalytic treatment since, apart from being abundant, non-toxic, low-cost and having enormous
specific surface area, they exhibit a wide optical adsorption range and a high optical absorption efficiency (Naffeti et al.,
2020a; Brahiti et al., 2018; Lian et al., 2011). Recently, SiNWs have been shown to have relatively high photocatalytic
activity to remove different types of pollutants such as tartrazine, methyl orange, methyl red, rhodamine B, rhodamine
6G, rose bengal, phenol and benzyl alcohol besides to methylene blue (Naama et al., 2016; Brahiti et al., 2018; Lian
et al., 2011; Ghosh et al., 2018; Ghosh and Giri, 2016). In fact, SiNWs often evince defects and dangling bonds created
during the elaboration process and the spontaneous oxidation in ambient atmosphere as well as to the recombination
activities (Naffeti et al., 2020b). This thereby limits the overall quantum efficiency of the photocatalyst.

One of the most fruitful strategies to address the drawbacks is SiNWs surface passivation via the introduction of metal
nanoparticles (MNPs). The major advantages of using MNPs with SiNWs as photocatalysts are (i) the higher absorption
due to the surface plasmon resonance (SPR) effect of metals; (ii) the high work function of metals facilitates the electron
transfer from SiNWs to metal in the Schottky junction, which remarkably reduces the recombination of photogenerated
electron–hole pairs and (iii) the increase of the specific surface toward extending the photo-response and photoactivity.
For instance, an enhanced UV-light-driven photocatalytic efficiency when increasing the deposition time of AuNPs was
recently reported (Brahiti et al., 2018). Ghosh et al. showed significantly enhanced photocatalytic activity of SiNWs over
98% within 200 min after AgNPs were loaded onto them (Ghosh et al., 2018). Moreover, Wang et al. revealed that Pt
modified silicon carbide nanowires (Pt/SiCNWs) demonstrate more than 88% improved photocatalytic activity for water
splitting compared with the blank SiCNWs (Wang et al., 2014). Numerous other nanoscale metals have been loaded on
SiNWs for photocatalytic purposes e.g., Pd; Cu; Ni; and even bimetal nanoparticles, e.g., Au–Ag, Au–Pd, and Pd–Ni (Naama
et al., 2016; Brahiti et al., 2018; Ghosh et al., 2018; Ghosh and Giri, 2016; Liao et al., 2015; Hammouche et al., 2021).

Afar of the expensive metals and to the best of our knowledge, bismuth (Bi), the so-called ‘‘wonder metal’’, is an
attractive and practical option that has not been unveiled yet for the decoration of SiNWs toward enhanced photocatalytic
performance. It is one of the post-transition metals, abundant, environment-friendly, good absorber, and bestowed
plasmonic properties (Sun et al., 2014; Benabdallah et al., 2018; Dong et al., 2014). On the other hand, a number of
ongoing studies reveal evidence of negative effects of Bi on soil enzymatic activity and soil bacteria, plants, earthworms,
and humans (Sudina et al., 2021; Pelepenko et al., 2022). These latter depend on the concentration of bismuth in the soil
and the period of time after the start of contamination. Herein, Bi nanoparticles were loaded onto the SiNWs via thermal
evaporation and in tiny quantities. Once the adsorption is fulfilled, the reactivity of Bi@SiNWs nanocomposite is of the
decomposition type of MB and not a reaction of the BiNPs with MB or water, which will be released into nature. Therefore,
there is no fear of contamination of the environment and subsequently the health of individuals.
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The present study was conducted to prepare Bi-modified SiNWs nanocomposite as new UV and solar light active
hotocatalyst toward efficient degradation of MB dye. The resulting Bi@SiNWs were characterized using SEM, EDX, DRX,
EM, UV–Vis and XPS analysis. Then, we studied their photocatalytic activity on MB removal. We also assessed pure MB
yes and unmodified SiNWs photocatalytic performance for comparison. Besides, the cycling capability, photocatalysis
echanism and reactions kinetics of MB decomposition, are investigated thoroughly. Overall, the Bi@SiNWs potential in
B detoxification was explored.

. Materials and methods

.1. Reagents and materials

The primary material used in this work is single-side polished silicon wafers, (100) oriented, p-type boron doped,
ith a resistivity of 1–20 � cm and a thickness of 500 µm purchased from Siltronics. The chemical reagents used for
he cleaning, etching process, and sample surface modification, such as acetone, ethanol, isopropanol, hydrofluoric acid
HF, 40%), silver nitrate (AgNO3), hydrogen peroxide (H2O2, 35%), nitric acid (HNO3, 65%), and bismuth (Bi, 99%), were
btained from Sigma-Aldrich. Methylene blue (MB, ≥ 95%, Sigma-Aldrich) was taken as a reference dye for investigating
he photocatalysis activities and was used without further purifications. Deionized water (18 M�) was used for all the
xperiments.

.2. Preparation of SiNWs

SiNWs were synthesized by the two-step Ag-assisted chemical etching (2-Ag-ACE) method as shown in Figure S1. The
ilicon wafers were first cleaned by ultra-sonication in acetone, ethanol, isopropanol, and deionized water (DI) for 15 min
ach. Cleaned substrates were then immersed in diluted HF for 3 min to remove the native oxide. The latter were dipped
or 1min into an aqueous solution composed of 4.8 M HF and 0.035 M AgNO3 to deposit silver nanoparticles (AgNPs) on
i. After a proper rinsing, the wafers were immersed in an etching bath containing 4.8 M HF and 0.5 M H2O2 at room
emperature for 20 min. The resulting samples were rinsed with DI and then soaked in nitric acid for 15 min to ensure
he removal of Ag nanoparticles and dendrites. Finally, the as-formed homogeneous black silicon nanowires were rinsed
ith DI and dried under a gentle stream of nitrogen.

.3. Preparation of BiNPs@SiNWs composites

For the preparation of BiNPs@SiNWs composites, a simple thermal evaporation technique was adopted using high
urity metal bismuth powder as source material. Before deposition, the chamber and tungsten boat were minutely cleaned
ith acetone. Then, the Bi was set onto the cleaned tungsten boat and the chamber was evacuated to a high vacuum. At
vacuum of about 10−5 torr, the Bi was indirectly subjected to heat treatment by the heating of the tungsten boat, and
he evaporation started to occur with a rate of 0.5 As−1. Finally, ∼20 nm thick Bi was deposited, which was monitored
ia a quartz crystal microbalance. The resulting BiNPs@SiNWs composites were ultimately annealed at 100 ◦C for a few
inutes under a nitrogen atmosphere.

.4. Photocatalytic activity measurement

Methylene blue dye was used in this work as model of degraded material to assess the photocatalysis performance of
he as-fabricated samples. The MB irradiation was carried out under various conditions as follows:

(i) Direct UV light irradiation without sample
(ii) In the presence of silicon nanowires under UV light irradiation
(iii) In the presence of silicon nanowires coated with Bi nanoparticles under UV light irradiation
(iv) Direct natural sunlight irradiation without sample
(v) In the presence of silicon nanowires under natural sunlight irradiation
(vi) In the presence of silicon nanowires coated with Bi nanoparticles under natural sunlight irradiation

Initially, MB aqueous solution with a concentration of 10−5 M was prepared by dissolving 5 mg of MB powder in
eionized water under a magnetic stirring at room temperature for a few minutes. After that and before irradiation,
amples were placed in glass bottles containing 20 ml of aqueous dye solution each. They were kept in dark for 30 min
nder normal atmospheric conditions in order to establish adsorption–desorption equilibrium between the catalyst
urface and the dye. For experiments under UV-irradiation, a UV-C tube lamp (55 W, length 90 cm, diameter 2, 6 cm),
odel G55T8 (Philips) was used as the irradiation source (λ = 254 nm) located in a closed chamber. The distance from

he light source to the samples was 30 cm. On the other hand, investigations under natural sunlight were performed in
n open air environment from 11 a.m. to 2 p.m. in May at latitude 36◦ 50′ North and longitude 10◦ 14′ East in Tunis,
unisia (average solar irradiance 5.5 kWh/m2/Day, https://nsrdb.nrel.gov/data-sets/international-data). The MB solution
as sampled every 20 min, and the concentration of MB was determined spectrophotometrically by monitoring the
bsorption peak at 664 nm.
3
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2.5. Characterizations

Scanning Electron Microscopy (SEM) images were obtained using a FEI Varios 460 and Energy Dispersive X-ray
pectra (EDX) were recorded using the SEM. X-ray diffraction (XRD) patterns of the produced materials were collected
sing an automated Bruker D8 advanced X-ray diffractometer (Bruker) with Cu Kα (λ = 1.54 Å) in the 2θ range of
0◦–80◦. Reflectance and transmittance measurements were recorded with UV–Vis–NIR spectrophotometer. Besides, the
bsorption spectra of methylene blue solutions were recorded using a Perkin Elmer Lambda 950 spectrophotometer. X-ray
hotoelectron spectroscopy (XPS) was conducted using a SPECS GmbH system. A Semilab WT-2000 PVN was employed
or minority carrier lifetime mapping via the microwave photoconductivity decay (µPCD) technique (λ = 905 nm, F =

0 GHz). The surface wettability of the samples were investigated by water contact angle measurements using Drop Shape
nalysis System type DSA100 (Kruss GmbH). The Fourier Transform Infra-Red (FTIR) spectra were taken using a Bruker
FS66v/s FTIR spectrometer.

. Results and discussion

.1. Morphology and structure

To have a good insight into the morphology and constitution of the elaborated nanostructures, SEM and EDX inves-
igations were performed. Two-step Ag-ACE was introduced to fabricate the SiNWs which is a simple, reproducible, and
ow cost process using Ag catalysts in the HF/H2O2 etching agent. The 2-Ag-ACE begins by deposition of Ag nanoparticles
nto the Si surface, and the Si directly beneath the deposited Ag is dissolved by the HF etchant, as depicted in Fig. 1a–b
he EDX elemental spectra corroborate the presence of Si and Ag (Fig. 1.a). When the resulting nanostructure dipped into
he HF/H2O2 etching solution, the AgNPs sink downwards vertically along the (100) direction in the pits thus formed,
esulting in the SiNWs formation wrapped by dendrites (Fig. 1.d–e). The formation of Ag dendrites can be ascribed to
gNPs agglomeration during the extended etching time. EDX shows that these dendrites are composed of silver.
Once the sample is immersed in the HNO3 aqueous solution, the recognizable SiNWs arrays can be observed where

ll the tree-like dendritic structures are removed. A plan view shown in Fig. 1.g indicates that the substrate surface
as uniformly covered with nanowires which join together to form bundles through the attractive forces of Van der
alls (Naffeti et al., 2020b). The cross-section image, displayed in Fig. 1.h points out that the average length of the

ertically aligned nanowires is approximately 3 µm. The SiNW arrays are covered with numerous porous structures
namely, silicon nanocrystals (SiNCs) — resulting from the lateral etching of NW side walls (Figure S2). One can

ote the SiNCs size were estimated in our antecedent work via an analytical model and were found to be less than 5
m (Naffeti et al., 2020a). The average volume filling ratio (VFR) at the air/SiNW arrays was also determined. VFR is
ound equal to 0.45 at 20 min of etching time (Naffeti et al., 2020a). The corresponding EDX spectra of Fig. 1.i reveal
hat the SiNWs consist of silicon and oxygen. The detected small amount of oxygen is mainly due to the oxidation that
ccurred during the etching of the Si. Besides, there are no detectable Ag traces, confirming the complete removal of the
ilver nanoparticles and dendrites by nitric acid. It is noteworthy that an itemized elucidation of the mechanism and the
hemical reactions occurring during the SiNWs fabrication process are communicated in our previous report (Naffeti et al.,
020a). Afterward, the SiNWs were capped with Bi nanoparticles. The latter are observed to be well dispersed along the
hole SiNWs from the upper (Fig. 1.j) to the sidewall and bottom (Fig. 1.k) of the wires. Characteristic elemental peaks of
i are well distinguished in the EDX spectra as shown in Fig. 1.l. The above findings are indicative the successful synthesis
f Bi@SiNWs nanocomposite.
The crystal structure of the pure SiNWs and Bi-modified SiNWs were analyzed by XRD, and the results are illustrated

n Fig. 2.a. SiNWs are predominantly (400)-oriented and still have excellent crystalline quality. Notice that one extra
iffraction peak appears at 33◦, presumably belonging to the Si (200) plane. Similar crystalline quality was obtained after
i loading on SiNW arrays. In the XRD pattern of Bi@SiNWs, the characteristic diffraction peaks at 2θ values of 27◦ and
8◦ are matched well with the (012) and (104) crystal plane of Bi respectively (Gao et al., 2019; Ibrahim et al., 2019;
nsafi et al., 2017). This indicates crystalline bismuth formation, albeit that the diffraction peaks are weak.
Apart from the orientation and crystalline quality, the XRD calculates the crystallite size (D) of the deposited Bi

anoparticles using the Debye–Scherrer formula, as given in Eq. (1) (Liao et al., 2015):

D =
kλ

β cos θ
(1)

where k is the Scherrer constant (∼0.9); λ = 0.154 nm denoting the wavelength of Cu–Kα X-ray radiation; β is the full
idth at half maximum (FWHM) of XRD peaks and θ is half of the Bragg angle.
According to the calculation from the (012) Bi intense diffraction peak, the average crystallite sizes of Bi are about

15 nm. This value is found to be concordant with the ones estimated via the high magnification SEM and TEM images
(Fig. 2.b–c). Indeed, most of the nanoparticles are found to lie within 8∼24 nm in size. It is convenient to point out that
he latter are quite smaller than the summit of aggregated BiNPs, particularly at the tips of the wires.
4
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Fig. 1. Top view (a), cross-sectional view (b) and EDX spectra (c) of first step Ag-ACE; Top view (d), cross-sectional view (e) and EDX spectra (f)
of second step Ag-ACE; Top view (g), cross-sectional view (h) and EDX spectra (i) of the resulted SiNWs; Top view (j), cross-sectional view (k) and
EDX spectra (l) of Bi@SiNWs nanocomposite.

3.2. Optical properties

A key requirement for the developing of highly efficient photocatalysts for environmental applications, namely water
purification, is the good management of their structural light scattering characteristics. In this vein, the optical properties
of the untreated SiNW arrays and Bi-modified SiNWs composites were determined by reflectance (R) and transmittance
(T) analysis. The spectral range of irradiation was in a range of UV to NIR from 250 to 2000 nm, which corresponds to
the high spectral irradiance of sunlight. The reflectance spectra of the samples are shown in Fig. 3.a The untreated flat Si
substrate exhibits high reflectance ranging from 78% to 25% in the UV–visible range. These relatively elevated values are
due to the polished silicon surface and the absence of any incident light-trapping structures. The peak at 274 nm arises
from the inter-band transitions of silicon (Naffeti et al., 2020a). The higher reflectance below the fundamental absorption
bandgap (Eg) of silicon, i.e., in longer wavelengths, is due to the additional diffuse reflection from the back Si surface (Hung
et al., 2011). After the formation of large-scale of vertical SiNWs, a strong suppression in the reflectance to about 6% in the
above-bandgap spectral region occurred. Introducing BiNPs in the surface of SiNWs can further reduce the reflection loss
of incident radiation, where the average reflectance reaches 3%. This highlights the effectiveness of Bi as an antireflection
coating and in preserving the optical properties of SiNWs.

Fig. 3.b Compares the optical transmittance between the as-cited samples. One notices a discernible dependence of
the transmittance on the spectral wavelength. Accurately, the average transmittance of the samples, including the one
5
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Fig. 2. XRD patterns of SiNWs and Bi@SiNWs (a), high magnification SEM (b) and TEM (c) images of Bi@SiNWs nanocomposite.

Fig. 3. Reflectance (a) and transmittance spectra (b) of bare silicon, SiNWs and Bi@SiNWs.

ithout the nanowires, was approximately zero in the above-bandgap spectral region (opaque region). In contrast, the
ransmittance in the near-infrared region (transparent region) was quite significant, reaching as high as 44%.

The very low reflectance and the zero transmittance of sole SiNWs and Bi@SiNWs indicate of high absorption. Indeed,
igh absorption coefficient (α) values are obtained, as readily seen from Fig. 4.a The α average values were calculated

using the experimental values of T and R using Eq. (2) (Nefzi et al., 2019).

α =
−1
e

Ln
(

T
(1 − R)2

)
(2)

where e is the effective thickness as the length of the wires for SiNWs and Bi@SiNWs samples, whereas it is the wafer
thickness for bare Si.

The Bi-rich SiNWs exhibit the highest α value of about 3.2 × 106 cm−1 in the visible range, which is topmost than
those mentioned in previous works (Chaliyawala et al., 2017; Swain et al., 2011). Besides, the net internal absorption (A)
is derived from the corresponding reflectance and transmittance according to R(%) + T(%) + A(%) = 100% (Fig. 4.b).

As expected, the Si nanowires exhibit strong optical absorbance with a broad spectral bandwidth of 400∼1000 nm,
reaching as high as 95%. This can be attributed to two possible factors. First, the light trapping effect caused by the
construction of the tapering nanowires’ geometry, resulting in strong light confinement. Second, the gradual change in
6
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Fig. 4. Spectral absorption coefficient (α) as function of wavelength. (a) and absorbance spectra (b) of bare silicon, SiNWs and Bi@SiNWs.

the refractive index between air (ηair ≈ 1) and SiNWs (ηSiNWs ≈ 1.95). The value of ηSiNWs can be calculated by using the
weighting formula as described in Eq. (3).

ηSiNWs = FF × η Si + (1 − FF) × η air (3)

where, FF is the filling factor of the nanowires which can be obtained by the surface morphology of SEM images using
‘Image J’ software (≈38%); ηSi is the refractive index of Si (≈3.5). Similar values have been obtained in literature (Hung
et al., 2011; Chaliyawala et al., 2017). The high optical absorbance feature was evidenced by the black and dull appearance
of SiNW surfaces to the naked eye. For Bi@SiNWs nanocomposite, the absorbed light is slightly increased to above 97% in
the entire Si absorbing region. The latter comes from the effect of localized surface plasmonic resonance of semimetallic
Bi, as well as the enhancement and lengthening of the optical path, thus increasing the capture ratio of photons (Naffeti
et al., 2020b). After that, one can note that the decreased Absorbance above 1100 nm is owing to light scattering, where
Bi@SiNWs nanocomposite own excellent light absorption in near-infrared (NIR) regions. This agrees with our previous
report showing that Bi@SiNWs are NIR optically active materials (Naffeti et al., 2020b). A detailed comparison of the
Absorbance in the UV, visible, and IR regions is summarized in Table S1.

Furthermore, the optical band gap (Eg) of all samples was estimated using Tauc’s equation (Kashyap et al., 2021a,b):

αhν = B(hν − Eg)n (4)

where h is Planck’s constant (4.1357 × 10−15 eV s), ν is the light frequency, B is a constant, and n is a coefficient associated
with the electronic transition (herein n = 2 for indirect allowed transitions). Fig. 5 shows the plots of (αhν)2 versus hν. The
value of Eg is determined by extrapolating the straight-line portion of plots to the energy axis. The band gaps energy of sole
SiNWs and compound Bi@SiNWs were found to be slightly higher than that of their bare silicon substrate counterpart. The
deduced Eg is approximately 1.12 eV for the Si wafer and about 1.17 and 1.20 eV for SiNWs and Bi@SiNWs respectively.
These findings agree with those of Hutagalung et al. (2017). Such band-gap widening is explained by (i) the quantum
confinement (QC) effects that occur in low dimensional semiconductors possessing quantum sizes in the order of Bohr
radius, and (ii) the large trapping light in textured silicon than that of bare Si (Naffeti et al., 2020a; Kashyap et al., 2021a;
Hutagalung et al., 2017). Having confirmed the outstanding overall optical properties of SiNWs and particularly Bi@SiNWs,
promising photodegradation performances are strongly expected to occur.

3.3. Photocatalytic properties

Evaluations of photocatalytic activity of unloaded SiNW arrays and Bi-loaded SiNWs composites were performed
towards the degradation of MB dyes under UV and natural sunlight irradiation. Fig. 6 represents UV–Vis absorption
spectra of pure MB dyes and their aqueous solution mixed with the catalyst samples as a function of irradiation time. The
degradation of MB was assessed by following the gradual reduction of intensities of the main absorbance band centered
at 664 nm with time.

Fig. 7.a–b manifests the MB degradation of the prepared photocatalysts. One can note that the decay of the dye
molecule concentration as a function of exposure time decreases unevenly in an exponential form, implying an heteropol-
yaromatic linkage and destruction of a large quantity of the aromatic rings. The dye in wastewater is then converted in
majority to inorganic simple, and non-toxic compounds, such as H O and CO , which are harmless.
2 2
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Fig. 5. Tauc’s plot of bare Si, SiNWs and Bi@SiNWs.

Fig. 6. UV–Vis absorption spectra. (a) MB dye without catalysis under UV light irradiation, (b) MB dye in the presence of SiNWs under UV light
rradiation, (c) MB dye in the presence of Bi@SiNWs under UV light irradiation, (d) MB dye without catalysis under sunlight irradiation, (e) MB dye
n the presence of SiNWs under sunlight irradiation and (f) MB dye in the presence of Bi@SiNWs under sunlight irradiation.

The degradation efficiency (Deff) have been calculated using the equation given below (Liao et al., 2015):

Deff (%) =

(
1 −

Ct

C0

)
× 100 =

(
1 −

At

A0

)
× 100 (5)

where C0 stands for the initial concentration of MB dye solution, and Ct represents the remaining concentration of MB at
ifferent time intervals. A0 and At are the corresponding absorbance values of MB using Beer–Lambert’s Law:

Ct
=

At
C0 A0
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Fig. 7. Variation of MB concentration versus time without catalyst and in the presence of SiNWs and Bi@SiNWs under (a) UV and (b) sunlight
irradiation. Corresponding degradation efficiency versus time under (c) UV light irradiation and (d) sunlight irradiation.

As shown in Fig. 7.c–d, the degradation efficiency of the dyes without catalysts are 20% and 27% after 120 min irradiation
under UV and natural sunlight, respectively. This indicates a tiny self-photolysis of MB molecules under both conditions.

The second set of experiments involves the degradation of the dyes under UV and natural sunlight with the addition of
iNWs catalysts. Significant changes were observed in absorption spectrum of dyes; Deff was also investigated and reached

to about 35% (UV) and 78% (sunlight) for the same irradiation time (120 min). The photocatalytic activity of SiNWs can
be ascribed to the following factors: (i) its high specific surface area, (ii) the quantum confinement effect and to (iii)
the excitons generated within the self-grown silicon nanocrystals decorated SiNWs which are energetic enough to drive
applicable photoelectrochemical reactions owing to its wide range of optical absorption (Naffeti et al., 2020a; Ghosh et al.,
2018; Lin et al., 2018). This makes the SiNWs capable of initiating the oxidative process for dye degradation.

Notably, introducing Bi nanoparticles onto the surface of the SiNW arrays contributes to a noticeable improvement
of the photocatalytic performance. Indeed, 44% and 89% of degradation were recorded after 120 min under UV and
sun irradiation respectively. The boosting in the removal efficiency is associated with a synergetic effect between
the plasmonic BiNPs co-catalyst and the pure photoactive SiNWs. Bismuth coating acts as charge mediator so that
photogenerated electron–hole pairs could be sufficiently separated, thereby preventing partially their recombination.
Indeed, a decrease of the effective surface recombination velocity (Seff) is observed for Bi@SiNWs (2340 cm s−1) comparing
to the pure SiNWs (4098 cm s−1). Seff values has been calculated from the measured effective minority carrier lifetime
(τ eff) according to the following equation (Mallorquí et al., 2015):

Seff =
w

2τeff
(6)

where w is the wafer thickness. The τeff average values were extracted from the effective lifetime maps (Figure S3), where
we took into account the middle of the samples for the most uniformity and homogeneity (≈ 61 µs for SiNWs and ≈10.68
for Bi@SiNWs). Thus, the composite of Bi@SiNWs can efficiently generate a large number of active sites leading to absorb
dye molecules and photons and hence contribute to an increase in the photocatalytic activity. Furthermore, Bi can serve
as a protecting layer and effectively hinders self-oxidation of SiNWs during the photocatalytic process.
9
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Aside from that, the wetting characteristics of SiNWs and Bi@SiNWs photocatalysts surfaces were analyzed, as shown
n Figure S4. a. It was found that the Bi@SiNWs nanocomposite possessed the highly hydrophilic property with the contact
ngle of 52.3◦, which was lower than SiNWs (contact angle = 67.6◦). This can be attributed to the abundant hydroxyl
roups existed in Bi@SiNWs surfaces as evidenced in FTIR spectra of Figure S4. b. This facilitate the contact of MB dye
olutions with photocatalyst and thus might contribute to the improved photocatalytic performance.
To further unveil the photocatalytic kinetics, the involved reactions of dye degradation are examined with a basic

inetic model called Langmuir–Hinshelwood expressed by Eq. (7) (Hsiao et al., 2021):

Ln
(
Ct

C0

)
= −Kt (7)

This model narrates the rate constant (K) of the reaction for the photodegradation of MB dye molecules, which gives
the chemical kinetics and follows the first-order kinetic model. The rate constant apprize the approximate number of
dye molecules dissociated per second throughout the photodegradation process. Accordingly, the fitting results from
experimental investigations are demonstrated in Fig. 8.a–b, where the highest rate constant is ascribed to Bi@SiNWs
nanocomposite, validating the underlying kinetics for treating the MB dyes in the aqueous media under both illumination.
All the experimental results, namely the calculated Deff, K values and corresponding correlation coefficients (R2) of the
photocatalyst materials are summarized in Table S2.

On the other hand, enlightened by Fig. 8.c and Figure S5, two facts can be extracted: the first is that the photocatalytic
performance of all the catalyst samples is higher under direct solar irradiation than with UV light. This observation
is understandable owing to the materials’ optical features as previously discussed (Table S1). Thus, light conditions
significantly affect the performance of pollutant photodegradation, knowing that sunlight contains merely 5% UV light,
47% visible light and 48% infrared radiation. These latter photocatalysts can be excited to produce more electron hole-
pairs under natural sunlight irradiation, which could result in efficient photocatalytic activity. This is advantageous
as the solar irradiation is an abundant, renewable and free clean-energy resource. Higher decolorization efficiency
under natural sunlight conditions than UV irradiation for different materials photocatalyst has been reported in the
literature (Eskizeybek et al., 2012; García et al., 2016; Kiran et al., 2021). The second is the benefit impact of nanoscale
dimension of Bi particles to increase the photocatalytic activity of SiNWs matrix highlighting its practical catalyst feature.
Notably, these BiNPs in SiNWs-based photocatalytic systems are more favorable in terms of degradation efficiency or
degradation time compared to previously reported photocatalytic nanocomposites based on SiNWs modified by other
passivation materials. For instance, degradation efficiency of MB dyes up to 44,9%, 53% and 77% after 120 min of irradiation
were recently reported for a ZnO/SiNWs composite, Cu2O/SiNWs composite and Ternary ZnO/Cu2O/Si nanowire arrays,
respectively (Hsiao et al., 2019). Tang et al. showed that the remaining concentrations of the MB dye were 34.2% and 63.7%
for ZnO/ SiNW samples obtained by 15 times and 25 times of deposition cycles, respectively (Tang et al., 2018). In addition,
Brahiti et al. showed a maximum degradation of MB about 88.32%, 91.93% and 97.23% for Pt-, Au- and Pd-modified SiNWs,
respectively but for an irradiation time of 200 min (Brahiti et al., 2015).

Importantly, the stability and reusability of a photocatalyst is always considered as another important feature for its
application, besides activity. Therefore, a cycling test was performed repetitively for four cycles for the MB degradation
by the most efficient catalysts of SiNWs and Bi@SiNWs under solar irradiation (Figure S6). An almost similar decaying
curves in terms of concentration of remaining dyes are presented after conducting the repeated tests for three times,
reflecting the sound structural robusticity of such photocatalysts. It is noteworthy that a slight efficiency loss less than
6.7% for SiNWs and 7.4% for Bi@SiNWs occur for the last fourth cycle.

X-ray photoelectron spectroscopy analysis is investigated on SiNWs and Bi@SiNWs before (Figure S7.a–b) and after
consecutive four cycles (Figure S7.c–d) of MB adsorption. The full survey spectrum were taken on the same scale of
intensity (a.u) and binding energy (eV). It revealed the presence of Si2p, Si2s, C1s, O1s, Bi4d, and other Bi-related
characteristic peaks without a record of any significant shift, though the nanostructures’ dipping in the MB aqueous
solution. This indicates that the phase and structure of the photocatalysts remained unchanged, which further confirms
their stability. Nevertheless, one can see a remarkable decrease of the XPS peaks intensities after the adsorption of MB,
denoting the interactions between adsorption functional groups of SiNWs and Bi@SiNWs and MB dye molecules that are
loaded on their surface. This is consistent on the one hand with the modification in the surface morphology of SiNWs
and Bi@SiNWs, where the MB dye molecules partially fill the gaps between the bunches of the Si wires; and on the other
hand with the gradual fading from deep blue to light blue and almost colorless for SiNWs and Bi@SiNWs, respectively
(insets Figure S7). All the aforementioned photocatalytic properties attest to the reliable and efficient peculiarities for
the removal of MB dyes based on such photocatalysts. To our best knowledge, this is the first work shedding light on
Bi@SiNWs nanocomposite as photocatalyst system. We anticipate that this developed photocatalyst will be a starting
point for further research on water purification plans.

Let us now elucidate the possible photocatalysis mechanism involving Bi@SiNWs nanocomposite as a photocatalyst in
the photodecomposition of MB (Figure S8). The Bi@SiNWs facilitates the degradation of MB via heterogeneous processes.
The organic molecules are first adsorbed on the photocatalyst surfaces (denoted as path 1 in Figure S8), and then
degradation reaction (path 2) occurs, without neglecting the fact that some organic contaminants can undergo direct
photolysis (path 3). In reality, degradation reaction is the dominant process. It appears then reasonable to highlight the
possible catalytically active species first. On the basis of numerous experimental studies, if the photoinduced electrons
10



M. Naffeti, M.A. Zaïbi, C. Nefzi et al. Environmental Technology & Innovation 30 (2023) 103133

e
a
s
2
o
t
s
t
e

p

Fig. 8. First-order kinetics of MB photocatalytic degradation versus time without catalyst and in the presence of SiNWs and Bi@SiNWs under (a)
UV light irradiation and (b) sunlight irradiation. The optimum rate constant (c) without catalyst and in the presence of SiNWs and Bi@SiNWs under
UV and sunlight irradiation.

and holes during photocatalysis process have enough activity, different types of active species, namely superoxide radicals
(O•−

2 ), hydroxyl radicals (OH•), hydrogen peroxide (H2O2), and singlet oxygen (1O2
•) could be generated (Pichat, 2013; Li

t al., 2013; Kobkeatthawin et al., 2022). Besides, for bismuth-based host materials in aqueous systems, it is found that
soluble species of Bi3+ is the most common and stable ionic form of bismuth and it is often used as an activator or
ensitizer. This latter can absorb light and then triggers the subsequent formation of the required radicals (Riente et al.,
021). Herein, when the highly light-absorptive Bi@SiNWs material is irradiated with sunlight or UV light energy larger
r equivalent than its band-gap (hν ≥ Eg), an electron–hole (e−/h+) pair is produced and thereafter separated. Herein, the
ransport pathway of photo-generated electrons was established from the conduction band (CB) of Si toward the outer
emimetal Bi nanoparticles. Indeed, the difference in the Fermi levels between semiconductor and metal can introduce
he Schottky barrier between them, leading to the transfer of the e_ from the CB to the metal (Ghosh et al., 2018; Kiran
t al., 2021).
Hence, the widespread BiNPs facilitated the carrier separation that effectively reduced the e−/h+ recombination.

The released electrons can react with dissolved oxygen to form superoxide radicals (O•−

2 ) thus initiating actively the
degradation of MB dyes as long as the photocatalysts were excited under light illumination. These highly oxidative species
further reacts with water or hydroxide ions (H2O/OH−) to form mainly hydroxyl radicals (OH•) which can easily attack
MB molecules to produce carbon dioxide (CO2) and water (H2O). Apart from that, the photogenerated holes can readily
react with water or hydroxide ions (H2O/OH−) to yield mainly hydroxyl radicals (OH•), which offer another pathway
romoting the efficient MB degradation.
This mechanism is shown in Fig. 9 and could be well elucidated using the following chemical Eqs. (8)–(14):

Bi@SiNWs + hν e−
+ h+ (8)
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Fig. 9. Schematic illustration for the photocatalytic mechanism on MB dye degradation using Bi@SiNWs photocatalyst.

e−
+ O2 O•−

2 (9)

O•−

2 + H2O OH•
+ HO−

2 (10)

O•−

2 + OH−
+ 2h+ OH•

+ O2 (11)

h+
+ H2O OH•

+ H+ (12)

h+
+ OH− OH• (13)

OH•
+ MB CO2 + H2O (14)

onclusion

In summary, extensive investigations of Bi modified SiNWs new photocatalyst are performed to remarkably improve
he photo-degradation performances of MB dye under both UV and solar irradiations. SiNWs were produced via the
-Ag-ACE technique, whereas BiNPs were coated throughout the vertically aligned wires by thermal evaporation. The
esulting Bi@SiNWs nanocomposite morphology, elemental composition, structure, and crystallinity properties were
haracterized, confirming its successful manufacture. The systematic studies by reflectance, transmittance, absorption
oefficient, absorbance and optical band-gap provided evidence for outstanding SiNWs and Bi@SiNWs optical properties.
t has been shown that robust light-absorbance to above 97% (over the visible wavelength region) can be achieved by
i@SiNWs. Moreover, the synergistic effect between the plasmonic BiNPs co-catalyst and the pure optically-active SiNWs
howed enhanced photocatalytic activity. Within 120 min, up to 89% MB can be decomposed in sunlight. Interestingly, the
ecycling tests asserted the excellent photo-stability and reusability of the Bi@SiNWs composite photocatalyst. Ultimately,
plausible mechanism for the photocatalytic degradation of MB over Bi@SiNWs was thoroughly proposed. Our findings
trongly attest to the great potential of Bi@SiNWs as a potent photocatalyst for MB degradation. All these gains can further
romote using that new class of plasmonic photocatalyst in dye detoxification and other environment-related applications.
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