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ABSTRACT: The rapid accumulation of end-of-life photovoltaic (PV) modules calls for the sustainable
recovery of valuable metals contained within them. In crystalline silicon PV modules, silver (Ag) is the
metal with the highest economic value, but its selective recovery remains challenging. Here, we report a
method based on an ammonium molybdate tetrahydrate ((NH4)sM07024-4H>0)-hydrogen peroxide (H20.)
system for selectively leaching Ag from end-of-life PV modules. During the Ag recovery process,
aluminum remains largely insoluble, while lead is partially leached and separated. During leaching, Ag®
reacts in situ with molybdate ions to form silver molybdate (Agx<Moy,Oy,). Singlet oxygen ('0z), hydroxyl
radicals (*OH), and peroxy (*OOH) radicals were identified as active species during the leaching process.
The recovered silver molybdate can be directly used as a photocatalyst for pollutant degradation, providing
proof of concept for a “waste-to-useful” strategy. This study establishes a closed-loop pathway from end-
of-life PV modules to functional photocatalysts, eliminating the need for additional silver purification or
catalyst synthesis steps.

Keywords: End-of-life photovoltaic panels; Silver recovery; Silver molybdate; Photocatalysis; Pollutant
degradation

1. Introduction

The rapid expansion of photovoltaic (PV) deployment has created a pressing waste management
challenge [1,2]. Global end-of-life PV waste is projected to reach approximately 8 million tonnes by 2030
and nearly 78 million tonnes by 2050 [3,4]. Silver (Ag) is the most economically valuable metal in
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crystalline silicon PV modules, yet it accounts for only about 0.05% of the module mass [5,6]. Current
recycling practices primarily target glass, Ag, silicon (Si), and aluminum (Al), while selective recycling
technologies for Ag remain underdeveloped [7]. Effective Ag recovery is therefore important for both
resource sustainability and environmental protection [8].

Agrecovery from PV panels mainly relies on hydrometallurgical leaching. Nitric acid (HNO3) leaching
achieves high Ag dissolution but generates nitrogen oxide (NOx) emissions and co-dissolves Al [9,10].
Ammonia (NH3-H20)-hydrogen peroxide (H2O») systems avoid NOy emissions by forming soluble silver-
ammonia complexes [11]. However, NH3-H>O volatilization creates operational and environmental
concerns. Deep eutectic solvent (DES) systems have recently shown promising leaching performance, but
their high viscosity and complex regeneration limit practical application [12,13]. Photocatalytic dissolution
technology offers a mild leaching approach for precious metals, enabling the recovery of Ag, gold, and
platinum group metals [14—16]. In addition, a common limitation of these methods is that the leaching step
only produces an Ag-bearing solution. Additional purification or reduction steps are then needed to obtain
a usable Ag product. This increases process complexity and reagent consumption.

This work explores a different route (Scheme 1). Ammonium molybdate tetrahydrate
((NH4)6M07024-4H>0) and H>O» are used to leach Ag selectively from retired PV panels. Al remains
essentially undissolved. The leached Ag is not kept in solution. Instead, it reacts in situ with molybdate to
form silver molybdate (AgxMoy0,). This solid product is collected and used directly as a photocatalyst for
pollutant degradation. Lead (Pb) is partially leached and separated during product recovery. The leaching
process is driven by singlet oxygen ('0,), hydroxyl radicals (*OH), and peroxy (*OOH) radicals. The
recovered AgiMoyO, exhibits photocatalytic activity. This work demonstrates a closed-loop concept of
treating waste with waste. It converts retired PV panels into functional photocatalysts without additional
Ag purification or catalyst synthesis.
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Scheme 1. Schematic diagram of a closed-loop strategy for the recovery of silver from end-of-life photovoltaic panels.
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2. Materials and Methods
2.1. Chemicals and Materials

Ammonium molybdate tetrahydrate ((NH4)sM07024:4H>0, AR), ammonium molybdate anhydrous
((NH4)2Mo00O4, AR), sodium molybdate (Na2MoOa4, AR), ammonium iodide (NH4l, AR), hydrogen peroxide
(H202, 30 wt%, AR), Ethanol (C:HsOH, AR), methylene blue (MB), rhodamine B (RhB), furfuryl alcohol
(FFA), isopropanol (IPA), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), and 2,2,6,6-tetramethylpiperidine
(TEMP) were purchased from Adamas-beta and used as received. Retired PV panels were procured from
Alibaba. Deionized water was used throughout all experiments.

2.2. Pretreatment of End-of-Life Photovoltaic Panels

End-of-life crystalline silicon photovoltaic (PV) panels were collected and manually dismantled to
obtain the silicon solar cells. The cells were cut into small pieces and cleaned with ethanol and deionized
water to remove surface contamination.

2.3. Silver Leaching Experiments

Leaching experiments were carried out in a beaker under magnetic stirring. In a typical run, a piece of
PV cell was immersed in a given volume of ammonium molybdate solution, and a predetermined amount
of H,O» was added to initiate the reaction. The effects of (NH4)sMo07024-4H>O concentration (5, 10, and 15
g/L), H20; concentration (0.5%, 1%, and 3%), temperature (20, 30, 40, 50, and 60 °C), and reagent addition
mode were investigated. In the stepwise addition experiments, equal amounts of reagents were added in
portions rather than all at once. To identify the roles of molybdate and ammonium, (NH4)2Mo00O4, NaxMo0O4,
and NH4l were used as alternative reagents. The leaching process was monitored by measuring the
concentration of Ag, Al, Si, and Pb in the solution using inductively coupled plasma optical emission
spectrometry (ICP-OES). Each experiment was performed in triplicate.

2.4. Recovery of Silver Molybdate

After leaching, the solid product was collected by rotary evaporation and filtration, washed repeatedly
with deionized water and ethanol, and dried at 60 °C overnight. The obtained product was denoted as
AgxMoyOy.

2.5. Photocatalytic Degradation Experiments

The photocatalytic activity of the recovered AgiMoyO, was evaluated by degrading MB and RhB under
visible light irradiation. In a typical experiment, 50 mg of catalyst was added to 20 mL of 10 ppm dye solution.
The suspension was stirred in the dark for 30 min to reach adsorption-desorption equilibrium. Then, the
suspension was irradiated with a visible light source. At given time intervals, aliquots were withdrawn and
centrifuged to remove the catalyst. The dye concentration was measured by Ultraviolet-visible (UV-vis)
spectrophotometry at the characteristic absorption wavelength. The degradation efficiency was calculated as
(Co — Cy)/Co x 100%, where Co and C; are the initial and time-dependent concentrations, respectively.

2.6. Radical Trapping and ESR Measurements

Radical trapping experiments were conducted to identify the active species in the leaching process.
FFA and IPA were used as scavengers for 'Oz and «OH, respectively. Electron spin resonance (ESR)
spectroscopy was employed to detect reactive oxygen species using DMPO and TEMP as spin traps. ESR
spectra were recorded at different reaction times to monitor the generation of 'O, *OH, and *OOH.
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2.7. Characterization

The morphology and elemental distribution of the PV panels before and after leaching and the
recovered product were examined by scanning electron microscopy (SEM) equipped with energy-
dispersive X-ray spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS) was used to analyze surface
chemical states with a monochromatic Al Ka source. Fourier transform infrared (FTIR) spectra were
recorded in the range of 4004000 cm™!. X-ray diffraction (XRD) patterns were collected on a powder
diffractometer with Cu Ka radiation. UV-vis diffuse reflectance spectra (DRS) were obtained on a UV-vis
spectrophotometer, and the band gap was calculated using the Tauc equation. The concentrations of metal
ions in solution were determined by ICP-OES.

3. Results and Discussion
3.1. Selective Silver Leaching from End-of-Life Photovoltaic Panels

Ag leaching experiments were first conducted to evaluate the performance of the (NH4)sM07024-4H20-
H>0; system. The effect of (NH4)sM07024-4H>0O concentration is shown in Figure la. At 5 g/L, Ag was
completely leached within 120 min. Increasing the concentration to 10 or 15 g/L accelerated the leaching
rate, with complete leaching achieved within 60 min. The effect of H>O, concentration is shown in Figure
1b. At 0.5%, Ag leaching was incomplete. At 1%, complete leaching was achieved within 120 min. At 3%,
the leaching time was further reduced to 60 min. The effect of reagent addition mode was also examined
(Figure S1). Stepwise addition of (NH4)¢6M07024-4H>0 showed no significant effect, whereas stepwise
addition of H20; reduced the leaching rate to 20%. This is likely because H,O> decomposes readily, and
stepwise addition lowers its effective concentration during the reaction. Different molybdenum and
ammonium sources were compared (Figure S2). Sodium molybdate (Na;MoO4) and ammonium iodide
(NHa4l), which provide only molybdate or ammonium, respectively, showed no leaching ability. Anhydrous
ammonium molybdate ((NH4)2Mo0Os) achieved only 40% leaching. These results indicate that both
molybdate and ammonium are essential for silver leaching, and the hydrated form of (NH4)6M07024-4H20
is important for optimal performance. The effect of temperature is shown in Figure 1c. The leaching rate
increased with temperature up to 40 °C, at which complete leaching was achieved within 15 min. Further
temperature increases slightly reduced the rate, possibly due to accelerated H>O> decomposition.

The optimal conditions (3% H20: and 10 g/L (NH4)sMo07024-4H20) were then applied to leach Ag
from actual end-of-life PV panels. Figure 1d shows the scanning electron microscope (SEM) image and
corresponding energy dispersive spectrometer (EDS) mapping of the pristine PV panel. Ag fingers were
clearly visible, with high mapping contrast. Silicon (Si) was distributed alongside the Ag fingers, and Pb
was located in the same regions as Ag [17]. After leaching, the Ag distribution was no longer evident, while
the mapping signals of Si and Pb in the same regions became more pronounced (Figure le). Figure S3
shows the SEM and EDS mapping of the back side of the PV panel, where Al and Si were the main elements
detected [18]. Little change was observed after leaching. The selectivity data are shown in Figure 1f. Ag
was completely leached, while Al and Si were not leached at all. Pb showed partial leaching at 40%. This
suggests that Pb is partially soluble under the leaching conditions, likely due to the formation of soluble Pb
species, while aluminum trioxide (Al>Os3) and silicon nitride (Si3zN4) remain stable. X-ray photoelectron
spectroscopy (XPS) was used to track chemical-state changes before and after leaching (Figure S4). Before
leaching, Ag existed as both metallic Ag and silver oxide (AgO). After 30 min, metallic Ag was completely
leached, leaving only AgO. After 1 h, all Ag species were removed from the PV panel. In contrast, Al, Pb,
and Si remained as Al>O3, lead oxide (PbO), and Si3N4 throughout the process [19,20]. The PbO peak
intensity decreased slightly after leaching, consistent with partial Pb leaching.
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Figure 1. Silver leaching behavior from end-of-life photovoltaic panels. (a) Effect of (NH4)sM07024:4H>0 concentration on Ag
leaching (3% H»0,, 25 °C). (b) Effect of H,O» concentration on Ag leaching (10 g/L (NH4)sMo07024-4H>0, 25 °C). (¢) Effect of
temperature on Ag leaching (10 g/L (NH4)sMo07024-4H,0, 3% H>0»). (d) SEM image and corresponding EDS mapping of the
pristine PV panel. (e) SEM image and corresponding EDS mapping of the PV panel after leaching. (f) Leaching selectivity of
Ag, Al, Si, and Pb under optimized conditions.

3.2. Mechanistic Insights into Silver Leaching

To elucidate the leaching mechanism, the evolution of molybdenum species and reactive oxygen
species (ROS) during the leaching process was systematically investigated. Liquid ultraviolet-visible (UV-
vis) spectroscopy was first employed to monitor the reaction solution (Figure 2a). Upon addition of H>O»
to the (NH4)sMo07024:4H>0 solution, a new absorption peak emerged at approximately 310 nm, which is
characteristic of the diperoxo molybdate complex MoO2(02),>" [21]. This observation confirms the
formation of a Mo(VI)-peroxo intermediate. Raman spectroscopy provided further structural evidence for
the peroxo species (Figure 2b). In the absence of H,O», the (NH4)6M07024-4H>0 solution exhibited a strong
band at 947 cm ! along with shoulders at 899 and 947 cm ™!, indicating that the predominant Mo species is
the heptamolybdate ion M070,4%". Upon addition of H>O, new bands appeared at 540 and 872 cm ™!, which
are assigned to the stretching vibrations of [Mo(0O2)] and [O—O] bonds, respectively [22]. The band at 971
cm ! corresponds to the [Mo=0] stretching vibration [23].

The molybdate ion/H2O; system is well known to generate ROS through the formation of
peroxomolybdate intermediates [24,25]. Radical trapping experiments were conducted to identify the active
species responsible for Ag dissolution (Figure 2c). Furfuryl alcohol and isopropanol were used as
scavengers for !0z and *OH, respectively. The results demonstrated that both 'O> and *OH are key active
species in the leaching process, with 'O» playing a dominant role. Electron spin resonance (ESR)
spectroscopy with DMPO and TEMP as spin traps was employed to further confirm the generation of ROS
(Figure 2d—f). The characteristic 1:1:1 triplet signal of TEMP-'0», the 1:2:2:1 quartet signal of DMPO-
*OH, and the characteristic sextet signal of DMPO-*OOH were all observed [26—28]. The signal intensities
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increased with reaction time, indicating that ROS generation begins immediately upon mixing and
accumulates progressively. The DMPO-OOH adduct is formed from the reaction between 'O, and H>O..
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Figure 2. Mechanistic analysis of silver leaching in the (NH4)sM07024:4H,0-H,0; system. (a) UV-vis spectra and (b) Raman
spectra of the leaching solution. (¢) Radical trapping experiments using furfuryl alcohol and isopropanol as scavengers for 'O,
and *OH, respectively. (d—f) ESR spectra of spin adducts formed with TEMP and DMPO: (d) TEMP-'0,, (¢) DMPO-+OH, and
(f) DMPO-+OOH.

Subsequently, the recovered product obtained after silver leaching was systematically characterized to
determine its morphology, composition, and chemical state. The SEM image shows that the product
consists of sheet-like structures with a size of approximately 3—5 um (Figure S5a). These sheets stack layer
by layer and are uniformly distributed. The EDS mapping confirms that Ag, Mo, and O are homogeneously
distributed across the product surface (Figure S5b). XPS analysis was performed to investigate the surface
elemental composition and chemical bonding states [29]. The high-resolution Ag 3d spectrum shows two
peaks at 373.9 eV and 367.9 eV, which correspond to Ag 3d32 and Ag 3ds)2, respectively (Figure 3a). These
binding energies indicate that silver is present in the +1 oxidation state, confirming that silver was oxidized
during the leaching process. The Mo 3d spectrum exhibits peaks at 235.4 eV and 232.4 eV, which are
assigned to Mo 3d3, and Mo 3ds., respectively (Figure 3b). This indicates that Mo exists in the +6 oxidation
state. The O 1s spectrum shows a peak at 530.4 eV, which is attributed to the molybdate ion (Figure 3a,c).
The XPS survey spectrum reveals that the product contains Ag, Mo, O, a small amount of C, and a certain
amount of N (Figure 3d). No Pb signal was detected in the survey spectrum. This indicates that the Pb
leached during the process was not incorporated into the solid product and remained in the leaching solution,
thereby enabling the separation of lead during the recovery process. The C signal likely originates from air
or the sample substrate. The N 1s spectrum shows peaks at 398.1 eV and 401.2 eV, which correspond to
N-H bonds (Figure S6).

Fourier transform infrared (FTIR) spectra were collected in the range of 400-4000 cm™! to further
examine the surface functional groups (Figure 3e). The bands at 3175 and 3450 cm ™! are assigned to the
O-H stretching vibration of water molecules, and the N-ak at 1380 cm™! is attributed to the bending
vibration of adsorbed water [30]. The bands at 830 and 991 cm ! are assigned to the O-Mo—O stretching
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vibration. These results indicate that the product contains a certain amount of adsorbed water and
ammonium ions. X-ray diffraction (XRD) analysis was used to determine the crystalline structure of the
product (Figure 3f) [31]. The XRD peaks basically match with several standard cards of silver molybdate.
The product can be identified as a mixture of multiple silver molybdate complexes with the general formula
AgxMoyOy.

Based on these results, a reaction mechanism for Ag leaching in the (NH4)sM07024:4H>0-H>O; system
is proposed. The molybdate ion first reacts with H2O to form the peroxo intermediate MoO2(02)2*
(Equation (1)). This intermediate can oxidize metallic silver through two pathways: direct oxygen transfer
from the peroxo ligand to Ag® (Equation (2)), and generation of ROS ('O, *OH, *OOH) that subsequently
oxidize Ag’ to Ag® (Equations (3) and (4)). The generated Ag" then reacts with molybdate ion in solution
to form the silver molybdate product (Equation (5)). The specific equations are as follows:

MoOj3™ + 2H,0, - Mo00,(0,)5~ + 2H,0 (1)
Mo00,(0,)5™ + 4Ag + 4H" - 4Ag™ + MoO;™ + 2H,0 ()
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Figure 3. Characterization of the recovered product. (a) High-resolution Ag 3d XPS spectrum. (b) High-resolution Mo 3d XPS
spectrum. (¢) High-resolution O 1s XPS spectrum. (d) XPS survey spectrum. (e) FTIR spectrum. (f) XRD pattern.

3.3. Photocatalytic Degradation of Organic Pollutants by the Recovered Ag:Mo,O:

The recovered AgxMoyO, was evaluated as a photocatalyst for pollutant degradation. The optical
absorption properties were first examined by UV-vis spectroscopy (Figure 4a). The absorption edge of
AgxMoyOy; is located at approximately 450 nm, indicating significant absorption in the visible light region.
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The optical band gap was calculated using the Tauc equation and estimated to be about 2.64 eV (Figure
4b). The ultraviolet photoelectron spectrometer (UPS) result gives a valence band (VB) maximum of 1.8
eV (Figure S7a). Therefore, the conduction band (CB) minimum is calculated to be —0.84 eV (Figure S7b).
This relatively narrow band gap suggests that Ag«MoyO, can be excited by visible light and has potential
for photocatalytic applications [32].

Photocatalytic degradation experiments were carried out using 20 mL of 10 ppm methylene blue (MB)
and rhodamine B (RhB) solutions with 50 mg of AgiMo,0O, catalyst under visible light irradiation for 120
min (Figure 4c—f). The results show that Ag\MoyO, exhibits good photocatalytic activity for both pollutants.
The adsorption capacity for MB was higher than that for RhB. To distinguish between the adsorption
capacity and photocatalytic performance of AgiMoyO., we conducted dark adsorption experiments of MB
(20 ppm) and RhB (20 ppm) on AgxMoyO.. The results show that MB exhibited significant dark adsorption
on AgxMoyO,. After 120 min, C/Cy decreased to 0.06 (Figure S8a). In contrast, RhB showed weak dark
adsorption. After 120 min, C/Cy decreased only to 0.32 (Figure S8b). This indicates that RhB removal is
not mainly attributable to adsorption, whereas adsorption contributes significantly to MB removal. After
the dark adsorption reached equilibrium, light irradiation was applied directly for another 120 min. The
results show that MB continued to degrade under light irradiation. During the light stage, C/Co decreased
from 0.06 to 0.02 (Figure S8a). For RhB, C/Cy decreased from 0.32 to 0.04 during the light stage (Figure
S8b). Since dark adsorption had already reached equilibrium, the further decrease in concentration under
light irradiation cannot be attributed to adsorption alone. These results indicate that the recovered
AgxMoyO; can effectively degrade different organic dyes. The better performance for MB may be related
to its molecular structure and stronger interaction with the catalyst surface. We have tested the stability of
AgxMoyO; by recycling the catalyst for 10 consecutive runs (Figure S9). This demonstrates the feasibility
of converting retired photovoltaic panels into functional photocatalysts. The concept of treating waste with
waste is validated. Further optimization of the catalyst and reaction conditions could improve the
degradation efficiency and extend the application to other pollutants.
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Figure 4. Photocatalytic performance of the recovered Ag,Mo,0,. (a) UV-vis diffuse reflectance spectrum of Ag\Mo,0,. (b)
Tauc plot for band gap determination of AgiMo,O,. (c—f) Photocatalytic degradation of MB and RhB under visible light
irradiation using Ag<Mo,O,.
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4. Conclusions

In this work, a sustainable strategy was developed for silver recovery from end-of-life photovoltaic
panels and photocatalytic valorization of the recovered product. An ammonium molybdate-H>O; system
selectively leached silver while aluminum remained essentially undissolved. Lead was partially leached
and separated during recovery of the silver product. During leaching, Ag" reacted in situ with molybdate
ions to form silver molybdate. The leaching process was driven by 'O,, *OH, and *OOH radicals. The
recovered AgxMoyO, was directly used as a photocatalyst without additional purification or synthesis. It
exhibited visible-light absorption with a band gap of about 2.64 eV and degraded MB completely and RhB
at 90% within 120 min. These results demonstrate a closed-loop concept of treating waste with waste,
converting retired photovoltaic panels into functional photocatalysts for pollutant degradation. This
approach offers a promising route for sustainable management of end-of-life photovoltaic waste and
simultaneous environmental remediation.
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