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Supplementary Section 1 | Exfoliation of TiS2 and TaS2 nanosheets and their 

structure analysis 

Transition metal dichalcogenides (TMDs) including TiS2 and TaS2 nanosheets were 

exfoliated following a previous study1. Briefly, the 1T-TiS2 bulk flakes (0.2 g, Nanjing 

NXNANO Tech. Co., Ltd.) were mixed with 4 ml of 2 M LiOH aqueous solution and 

stirred for 1 hour under nitrogen. The intercalated 1T-TiS2 powder was washed several 

times with deionized water until the pH was ~7. It was then onicated for 30 min in an 

ice bath to obtain a dispersion of 1T-TiS2 nanosheets. The dispersion was centrifuged 

at 3000 rpm for 10 min and the supernatant was collected and used for extraction test. 

We used an identical procedure for the exfoliation of the 2H-TaS2 nanosheets. 

After exfoliation, the TMD nanosheets were analyzed using Raman, transmission 

electron microscope (TEM), atomic force microscope (AFM), and X-ray diffraction 

(XRD). For the Raman analysis (Fig. S1), similar to its bulk materials, the characteristic 

Raman peaks corresponding to A1g (333 cm-1) and Eg (227.2 cm-1) vibration modes of 

1T-TiS2
2, 3, and peaks at the 204 cm-1, 279 cm-1, and 394 cm-1 due to the E1g, E1

2g, and 

A1g lattice vibration modes of 2H-TaS2 were evident4. There was no peak for other 

crystalline phases, suggesting the predominant phases of TiS2 and TaS2 were 1T and 2H 

respectively.  

 
Figure S1. Raman spectra of bulk and exfoliated (a)TiS2 and (b)TaS2 nanosheets  

Fig. S2 showed TEM images of representative exfoliated 1T-TiS2 and 2H-TaS2 

nanosheets were 2D features with wrinkles, indicating successful exfoliation. The high-
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resolution TEM images clearly showed that the TiS2 nanosheet had a lattice spacing of 

0.267 nm, corresponding to its (101) crystal plane5, 6, and the TaS2 nanosheet had a 

lattice spacing of 0.290 nm, corresponding to its (100) crystal plane, the high-resolution 

TEM images showed high crystalline structure7, 8, and the selected area electron 

diffraction (SAED) patterns of 1T-TiS2 and 2H-TaS2 showed no impurities, suggesting 

the good crystalline structure of the nanosheets.  

 
Figure S2. TEM analysis of exfoliated TMD nanosheets. Low-magnitude images of (a) 
TiS2 and (b) TaS2 nanosheet. High-resolution TEM images of (c) TiS2 and (d) TaS2 

nanosheets and insets were their corresponding SAED patterns. 

AFM analysis (Fig. S3) showed that the exfoliated nanosheets had a lateral size of 

1-3 µm, and the thickness of both were in the range of 0.9 - 2.5 nm, indicating that they 

were mono- or few-layer. 
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Figure S3. Thickness of the exfoliated nanosheets. (a) AFM image of exfoliated 1T-
TiS2 nanosheets. (b) AFM image of 2H-TaS2 nanosheets. 

For the XRD analysis, the patterns (Fig. S4) showed that the peaks of laminates 

assembled from the exfoliated TiS2 (001) and TaS2 (002) were slightly shifted to a lower 

angle compared to their corresponding powders, suggesting lattice expansion and 

successful exfoliation.  

 
Figure S4. XRD patterns of laminates assembled from exfoliated (TiS2 and TaS2) 
nanosheets and their bulk powders. 

Supplementary Section 2 | Precious metal (PM) extraction by TiS2 and TaS2 

nanosheets  

2.1 Economic analysis for PM extraction by TiS2 

The economic estimated value of recycled PM by per gram TiS2 was calculated using 

Eq. (1). 

PRQvalueEstimated e ×=                   Eq. (1) 

where Qe was the extraction capacity (g/g), and PR was the market price (RMB/g) of 

precious metals. The market prices for Au, Pd, and Pt in 2024 were approximately ¥ 420, 

¥ 245, and ¥ 224 /g. 
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2.2 pH-dependent extraction capacities for different PM ions by TiS2 nanosheets  

The suitable pH values for PM extraction were determined from the Pourbaix diagram 

following a previous report and were illustrated in the main text9, 10. The extraction 

capacity (Qe) for Au, Pt, and Pd ions at different pH values were measured and plotted 

versus the corresponding pH values (Fig. S5). It was worth noting that, despite Qe 

changes with pH, it remained high, which was critical for a high and stable PM 

extraction.  

For the extraction of [AuCl4]-
, the Qe remained stable the pH was in the range of 3-5. 

The decrease at pH<3 could be attributed to the protonation of TMD nanosheets, 

eliminating certain adsorption sites, hence giving a lower Qe
11-13, while, the Qe decrease 

at pH >5 was attributed to the hydrolysis of [AuCl4]-, forming a mixture of [AuCl4]-, 

[AuCl3(OH)]-, [AuCl2(OH)2]-, [AuCl3(OH)1]- and [Au(OH)4]- 11, 14, leading to a 

decrease in the reduction potenial15, 16, hence a lower Qe was observed. A similar 

phenomenon had been previously reported in the literature11, 13, 16. 

For extraction of [PtCl6]2-, the Qe remained stable across the tested pH range 3-7, due 

to the stability of the Pt (IV) species within this range9, 10. The slight decrease in Qe 

observed for both [PtCl6]2- and [PdCl4]2- at low pH could be attributed to the protonation 

of the nanosheets, similar to the case of [AuCl4]-.   

 
Figure S5. Extraction capacity of TiS2 nanosheets at different pH values. Qe values of 
TiS2 nanosheets for (a) Au, (b) Pt, and (c) Pd ions at 10 ppm. 

2.3 Removal efficiencies of different PM ions with different pH by TiS2 nanosheets  

To determine the PM removal efficiency of TiS2 nanosheets, we used an initial PM 

concentration of 10 ppm, and the weight ratios between the Au, Pd, and Pt ions to TiS2 

were set at 3:1, 1:1, and 0.1:1, respectively. The mixture at different extraction time was 
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sampled to study the removal kinetics. The removal efficiency (R) was calculated using 

Eq. (2). 

%100)(

0

0 ×
−

=
C

CCR e

                    
 Eq. (2) 

where C0 (mg/L) and Ce (mg/L) were the initial concentration and equilibrium 

concentrations, respectively, and were determined using inductively coupled plasma 

optical emission spectroscopy (ICP-OES). 

The removal efficiencies at different pH values were also determined using a similar 

procedure with changing extraction pH using NaOH or HCl.  

2.4 Comparison of Qe achieved by TiS2 and TaS2 nanosheets with previous reports. 
 

Table S1: Extraction capacities of various gold adsorbents. 
Metal ion Adsorbent C0 (ppm) Qe (mg/g) Ref. 
Au(III) rGO 10 1850 17 
Au(III) MOF/PpPD ＞4000 1600 12 
Au(III) Polycarbene 5000 2090 18 
Au(III) H-bond COF 300 1725 19 
Au(III) Porous porphyrin ＞3000 1970 20 
Au(III) MOF/PpPDA 1000 934 21 
Au(III) Amidoxime-MOF ＞600 954 22 
Au(III) NH2-CTFs >25 909 23 
Au(III) N-MXene 1000 1198 24 
Au(III) Py-MoS2 ＞1700 3343 25 
Au(III) GO/CS sponge >200 3573 26 >2000 7810 
Au(III) S-PAcH >200 ~2847 27 
Au(III) CNT/2H-MoS2 1000 2495 28 

Au(III) 
TaS2 10 4100 

This 
Work 

1 3966 

TiS2 
100 8073 
10 8076 
1 8084 

Pd(II) CITCF ~500 ~929 29 
Pd(II) POP-oNH2-Py ~800 752 30 
Pd(II) MXene ~200 184.56 31 
Pd(II) COF-TzDa ~482 265.4 32 
Pd(II) MOF-NH2 ~1600 167 33 
Pd(II) PAN/MOF-NH2 ＞700 165.8 34 
Pd(Ⅳ) Py-MoS2 ~500 ~1000 25 
Pd(Ⅳ) Py-SnS2 >400 1103.72 10 

Pd(II) 
TaS2 10 1100 

This 
Work 

1 1009 

TiS2 
100 2359 
10 2217 
1 1892 
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Metal ion Adsorbent C0 (ppm) Qe (mg/g) Ref. 
Pt(Ⅳ) Py-SnS2 ＞400 617.61 10 
Pt(Ⅳ) DG-POP-2 ＞50 388 35 
Pt(Ⅳ) Py-MoS2 ~500 ~829 25 
Pt(Ⅳ) PAN/MOF-NH2 ＞700 172.5 34 
Pt(II) SCU-COF-3 ＞200 168.4 36 
Pt(Ⅳ) Chitosan- l-lysine ~400 ~129 37 
Pt(II) supramolecular 

polymers 1-2 33 38 
Pt(Ⅳ) S-PAcH ~200 ~714 27 
Pt(II) BIT-POPs ＞250 ~360 39 
Pt(II) COP-180 ~1000 ~197 20 

Pt(Ⅳ) 
TaS2 10 452 

This 
Work 

1 439 

TiS2 
100 1154 
10 813 
1 323 
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Supplementary Section 3 | Supplementary evidence for the PM extraction 
mechanism  
3.1 Characterization of TiS2@PM 

After PM extraction, the PM-adsorbed TiS2 nanosheets were collected and analyzed 

using TEM, XPS, and XRD. 

TEM coupled with energy-dispersive X-ray spectroscopy (EDS) was used to study 

the distribution of chemical elements in TiS2@PM (Fig. S6). All PM elements were 

evenly distributed on both the edges and the in-plane surfaces of the TiS2 nanosheets. 

 
Figure S6. TEM-EDS elemental analysis of TiS2 nanosheets after (a) Au, (b) Pd, and (c) 
Pt adsorption. 

To supplement the TEM observation in Fig. 3, Fig. S7 showed the high-resolution 

TEM images and the corresponding SAED patterns of TiS2@PM, confirming the 

simultaneous deposition of Au0, Pd0, and PtS nanoparticles.  
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Figure S7. Simultaneous deposition of PM-containing nanoparticles. (a) High-
resolution image of TiS2@[AuCl4]- and (b) corresponding SAED pattern. (c) High-
resolution image and (d) corresponding SAED pattern acquired from TiS2@[PdCl4]2-. 
(e) High-resolution image and (f) corresponding SAED pattern acquired from 
TiS2@[PtCl6]2-. The corresponding crystalline orientations of Au, Pd, and PtS were 
labeled in (b), (d), and (f) respectively. 

  We also used X-ray photoelectron spectroscopy (XPS) to examine the chemical 

composition of TiS2@PM precipitates. The wide-range XPS spectra of TiS2 after 

absorption showed the existence of O1s, Ti2p, S2p, Pd3d, Pt4f, and Au4f peaks (Fig. 

S8). Notably, XPS of TiS2@[AuCl4]- showed a weak sulfur peak which was consistent 

with S2- being oxidized to soluble sulfate species.  



 S10 

 
Figure S8. Wide-range XPS spectra of TiS2 nanosheets and TiS2@PM after 24 hours 
of adsorption. 

Not only [AuCl4]-, [PdCl4]2-, and [PtCl6]2-, TiS2 nanosheets were efficient for other 

Au-, Pd-, Pt- and Ag-containing ions with a reduction potential higher than +0.59 V, in 

addition, to supplement the Qe shown in Fig. 3 of the main text, we had provided further 

XRD spectra of TiS2 after its extraction of [AuBr4]-, Ag+(AgNO3), [AuI4]-, [RhCl6]3- 

and [Au(S2O3)2]3-. As shown in Fig. S9, the diffraction peaks assigned to metallic Au, 

and Ag appeared in the XRD patterns of TiS2@[AuBr4]-, TiS2@[AuI4]-, and TiS2@Ag+, 

suggesting a reductive extraction, consistent with the observed high Qe shown in Fig. 

3, but the diffraction peaks for metallic gold were absent for [Au(S2O3)2]3- for which 

TiS2 had a negligible Qe, similar to [RhCl6]3-. 

 
Figure S9. XRD patterns of TiS2@[AuBr4]-, TiS2@[AuI4]-, TiS2@ [Au(S2O3)2]3-, 
TaS2@AgNO3, and TiS2@ [RhCl6]3-. The diffraction peak positions of metallic Rh, Ag, 
and Au from the standard PDF card were indicated at the bottom.  
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3.2 Work functions of TiS2 and TiS2 nanosheets 

The work function (Φ) of semimetallic TiS2 and TaS2 nanosheets was a direct indicator 

of their reduction potential, we, therefore, used ultraviolet photoelectron spectroscopy 

(UPS) to measure their Φ.  

Φ was the minimum energy required to move an electron from inside a solid to its 

surface, and was defined as the difference between the vacuum level (Evac) and the 

Fermi level (EF), which could be expressed as follows: 

Φ = Evac - EF                        Eq. (3) 

where EF was defined as the highest energy level occupied by electrons at T = 0 K. and 

Evac was the energy at which an electron was completely free and not influenced by the 

nucleus and was generally 0 eV. 

Furthermore, because the difference between the vacuum level and the standard 

hydrogen electrode potential was 4.44 eV, the relationship between Φ and the reduction 

potential (versus Standard Hydrogen Electrode (vs SHE)) of a given material/ion was 

written as40: 

 E (vs.SHE) = Φ/e - 4.44 V                  Eq. (4)                     

Using Eq. (4), the work functions of TiS2 and TaS2 nanosheets can be translated into 

their reduction potentials, explaining their reductive adsorption to the PM ions.  

Fig. S10 showed the UPS spectra of TiS2 and TaS2 that we used to determine Φ. 

According to Eq. (5),  

                Φ = hν - (Ecutoff - EF)                       Eq. (5)  

where Ecutoff was the inelastic secondary electron cutoff, EF was the Fermi level 

edge41, and the photon energy (hν) of the excitation light used for our measurement was 

21.22 eV. Ecutoff values of TiS2 and TaS2 were respectively determined to be 17.27 and 

17.33 eV, and the EF of TiS2 and TaS2 was ~0, yielding the work functions for TiS2 and 

TaS2 of 3.89 eV and 3.95 eV, respectively. Using Eq. (4), the reduction potentials of 

TiS2 and TaS2 were respectively -0.55 V and -0.49 V (vs. SHE)40, 42, 43
,  
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Figure S10. UPS spectra for work function measurements. 

To supplement Fig. 3f and g, Fig. S11 showed the reduction potential of the ions used 

in this study versus the calculated equivalent reduction potential of TiS2 and TaS2, which 

clearly showed that an energy difference of ~1 eV was required for the reductive 

extraction by TiS2 and TaS2
42, 43, and such a difference could be due to the energy 

required for ion diffusion, ion desolvation, and the crystal nucleation and growth of Au, 

Pd, and PtS.  

 
Figure S11. Comparison of reduction potentials of the ions studied and the work 
functions of TiS2 and TaS2 nanosheets. 
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3.3 Gold extraction capacities of the unexfoliated TMD and exfoliated ones 

To study the influence of surface area on Qe, we measured the Qe (C0 =100 ppm) for 

[AuCl4]- of unexfoliated TMDs using an identical procedure used for the exfoliated 

ones. As shown in Fig. S12, the Qe values of unexfoliated TiS2 and TaS2 were <1000 

mg/g, significantly lower than for the exfoliated nanosheets, suggesting the large 

surface area of the exfoliated ones provides more PM adsorption sites, giving a high Qe. 

 
Figure S12. Extraction capacity of TiS2 and TaS2 nanosheets compared with flakes. 

3.4 XPS analysis of TMD and the byproduct salt after PM extraction 

Fig. S13 compared the XPS peaks of Ti and S before and after gold extraction. 

Compared with the pristine TiS2, both Ti2p and S2p peaks shifted to a higher binding 

energy, suggesting the proposed electron donation. The deconvoluted Ti2p peaks 

showed that the Ti-S bond had changed to the Ti-O bond after gold extraction.  

 
Figure S13. XPS peaks of Ti and S before and after gold extraction. (a) XPS S2p spectra 
of dissolved salt collected after PM adsorption compared with pristine TiS2.  (b) XPS 
Ti2p spectra of TiS2@[AuCl4]- precipitates compared with pristine TiS2. (c) 
Deconvoluted XPS Ti2p spectra of TiS2@[AuCl4]- precipitates. 
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Not only the sulfur of TiS2 (Fig. 4a) but also that of TaS2 was the primary electron 

donation site. As shown in Fig. S14, we first analyzed the sulfur dissolved during the 

gold extraction by TaS2, the peaks at 168.6 eV and 169.8 eV were assigned to sulfate 

species, similar to Fig. 4a. Furthermore, Ta4f of TaS2 after gold extraction showed two 

peaks at 26.6 and 28.5 eV, both assigned to Ta5+ (Fig. S14b)44, 45, suggesting that Ta4+ 

was oxidized to Ta5+ during the reductive extraction. 

 
Figure S14. XPS analysis for the transformation of sulfur for TaS2 after PM adsorption. 
(a) Deconvoluted S2p peaks of dissolved compounds collected after PM adsorption by 
TaS2. The red line represents TaS2@[AuCl4]-. Inset were the XPS S2p spectra of 
TaS2@[PdCl4]2- (blue line) and TaS2@[PtCl6]2- (black line). (b) Deconvoluted Ta4f 
peaks for the TaS2@PM precipitate after adsorption. The red line represents 
TaS2@[AuCl4]-. Inset were the XPS S2p spectra of TaS2@[PdCl4]2- (blue) and 
TaS2@[PtCl6]2- (black). 

3.5 Calculation of the electron donation number during reductive extraction  

The number of donated electrons from each TiS2 molecule to [AuCl4]- was 

calculated using Eq. (6).  

n
Mr

QMr
N

Au

eTiS
e ×

×
= 2 

                      
Eq. (6) 

where Ne was electron donation numbers per TMD molecule. MTiS2 and MAu were the 

molar masses of TiS2 (~112 g/mol) and Au (~197 g/mol), respectively. Qe was the 

extraction capacity of TiS2 for [AuCl4]-. n was 3 as three electrons were required for the 

reduction of [AuCl4]- to Au0. For a Qe of 8073 mg/g for [AuCl4]-, this suggested that 

each TiS2 molecule donated >13 electrons during the adsorption process. 
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3.6 The role of water in the gold extraction process by TiS2 nanosheets  

The critical role of water was probed by monitoring the pH change during gold 

extraction, as the water dissociation released H+, decreasing the pH. Indeed, as shown 

in Fig.S15, the pH decreased from 3.96 to 3.77 during the 24-hour adsorption process, 

confirming the dissociation of water. 

 
Figure S15. pH value of the KAuCl4 aqueous solution (C0 =10 ppm) after adding TiS2 
nanosheets. 

Next, the solvent used for gold extraction was replaced by acetone. To determine 

the [AuCl4]-
 concentration in acetone, we measured the UV-Vis spectra of a series of 

acetone solutions with [AuCl4]- concentrations from 0 ppm to 100 ppm, and found a 

good linearity (R2=0.999) between concentration and adsorption at 340 nm (Fig. S16a). 

We, therefore, used a C0 of 100 ppm to study the influence of the organic solvent on Qe, 

and found its Qe decreased to 1180 mg/g. Adding water to the acetone (water volume 

ratio of 30%), again, we used UV-Vis spectra to determine the ion concentration and 

found linearity between the concentration and the adsorption intensity (ABS) at 340 nm 

(Fig. S16b), with this linear relationship (R2=0.999), we determined that Qe after adding 

30 vol% water to the acetone increased to 5217 mg/g. 
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Figure S16. Evolution of the UV−vis spectra for different solutions with different 
KAuCl4 concentrations. UV−vis spectra of (a) acetone and (b) 30 vol%-water-70 vol%-
acetone solution of KAuCl4. Insets were linear relationships between the absorbance at 
λ = 340 and the corresponding KAuCl4

 concentration. 

3.7 DFT calculations 

To understand the role of water in the extraction process, spin-polarized density 

functional theory (DFT) calculations were conducted as implemented in the Vienna Ab 

Initio Simulation Package (VASP). The interactions between ions and electrons were 

described using projector-augmented wave (PAW) pseudo-potentials. The exchange-

correlation effects were treated with the Perdew-Burke-Ernzerhof (PBE) functional 

within the framework of the generalized gradient approximation (GGA). 

A monolayer slab model of 1T-TiS2 was constructed to represent the dechlorination 

reduction process of [AuCl4]- by TiS2 in an aqueous solution. For the structural 

optimization of 1T-TiS2 crystal cells, a plane-wave energy cutoff of 600 eV was used, 

along with Gaussian smearing of 0.05 eV. A gamma-centered Monkhorst-Pack of 

9×9×5 k-point grids was used for 1T-TiS2. To simulate the two-dimensional interface, 

periodic structures of 8×8×1 supercells of 1T-TiS2 were constructed with a vacuum 

thickness of 15 Å. 

For the calculations, a reduced plane-wave energy cutoff of 450 eV was used, along 

with Gaussian smearing and a 2×2×1 gamma-centered Monkhorst-Pack k-point grid. 

Electronic self-consistency was achieved with an energy convergence criterion of 10-5 

eV, and structural relaxations were performed until the forces on all atoms were below 
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0.02 eV/Å for all calculations. In addition, the implicit solvent model was used to 

compute the energy diagram of the dechlorination reduction process of [AuCl4]- and 

1T-TiS2 in aqueous solution. 

Supplementary Section 4 | PM Recovery from real-world waste streams  

For Au recovery from electronic waste(e-waste), five pieces of scrap computer central 

processing unit (CPU) boards were digested using 20 mL aqua regia at 60 °C for 12 

hours. Subsequently, the solid waste was removed by filtering the digested mixture 

through a 0.22 µm pore size polyethersulfone (PES) membrane. The pH of the filtered 

leachate was then adjusted using 0.5 M NaOH to give a pH of ~2, resulting in an Au 

ion concentration of ~16.3 ppm. Subsequently, TiS2 nanosheets (~3 mg) were added to 

the 100 mL leachate with stirring for 24 hours. Finally, the resulting mixture was 

filtered through a 0.22 μm membrane to obtain Au-adsorbed TiS2 and the filtrate. The 

removal efficiency of the filtrate was determined by ICP-OES using Eq. (2) in 

supplementary section 2. Finally, the obtained Au-adsorbed TiS2 was washed with 

deionized water and dissolved in 5 mL of aqua regia, yielding a concentrated Au 

solution and insoluble Ti-containing precipitates. We used scanning electron 

microscopy (SEM, Hitachi SU8010) -EDS to quantify the element composition of these 

precipitates and found that Ti (61 wt%), O (33 wt%), and other elements (~6 wt%, such 

as C) were present in the sample (Fig. S17b). The Au ions were reduced with NaBH4 

to obtain a metallic gold nugget. EDS analysis confirmed that the sample contained 

over 97 wt% Au (Fig. S17a), with ~3 wt% of carbon and oxygen elements possibly 

from the environment. 

For Pt recovery from scrap catalysts, the 0.2 g fuel cell catalyst (Pt/C, obtained from 

Sinerosz) was first digested using 20 mL aqua regia with stirring at 60℃ for 12 hours 

and then filtered to obtain a Pt-containing leachate. The pH of the leachate was adjusted 

with 0.5 M NaOH to give a pH of ~3, yielding a Pt concentration of 39.6 ppm. Next, 

15 mg of TiS2 was added into a 50 mL leachate with stirring for 24 hours. Subsequently, 

the resulting mixture was filtered to obtain Pt-adsorbed TiS2 and filtrate. The removal 

efficiency of the filtrate was determined by ICP-OES. Finally, we used the same 

reduction method for Au recycled from the e-wastes, to separate Pt from TiS2. EDS 
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analysis (Fig. S17c) showed that the purity of Pt exceeds 97 wt%, with ~3 wt% of C 

and O present. 

For Pd recovery from scrap catalysts, 0.1 g Pd/C catalyst (purchased from Alibaba) 

was soaked into 10 mL aqua regia for 12 hours stirring at 60℃ and then filtered to 

obtain a leachate. The pH of the leachate was adjusted with 0.5 M NaOH to give a pH 

of ~2, yielding a Pd concentration of ~ 43 ppm. 5 mg of TiS2 was then added to 50 mL 

of leachate with stirring for 24 hours and further filtered to obtain Pd-adsorbed TiS2 and 

filtrate, resulting in a Pd concentration reduced to 0.141 ppm and 99% recovery of the 

Pd. Finally, we used the same reduction method for Au recycled from the e-wastes to 

separate the Pd from TiS2. EDS analysis (Fig. S17d) showed the purity of Pd was > 97 

wt%, with ~3 wt% of C and O elements. 

For the recycling of platinum and palladium from spent automotive catalytic 

converters (ACCs), we followed previous reports46, 47, The spent ACCs (120 g, 

purchased from Alibaba) were firstly pulverized and soaked in 500 mL of a 1 M NaOH 

aqueous solution for 24 h to remove Al2O3. The solid powder was collected by filtration 

and then digested using 40 mL aqua regia diluted with 200 mL deionized water. The 

mixture was then heated (1500 W, 1 hour) at 180 °C using a microwave digester 

instrument (Honeycomb XH-800X) to dissolve the PM, after which the mixture was 

filtered, and the filtrate was the leachate of PM ions (pH ~2). Subsequently, following 

the process flow depicted in Fig. 5d, we added the first TiS2 nanosheets (20 mg) to the 

200 mL of the leachate to recycle the Pd ions for 10 minutes. The TiS2 with adsorbed 

Pd was then separated from the leachate, and a second batch of TiS2 nanosheets (20 mg) 

was added to the resultant leachate to extract Pt for 36 hours. The TiS2 nanosheets with 

adsorbed Pt were separated from the leachate, leaving leachate without or with little Pd 

and Pt, but ~18 ppm of Rh ions. We added iron powder (100 mg) to this leachate and 

recycled Rh was obtained in the form of precipitates. For the separation of Pt and Pd 

from TiS2, we followed the same reduction method for the Au recycled from the e-

wastes. The purity of Pd after the first-step purification step was ~88 wt% (with ~11 

wt% Pt), while the Pt purity after the second-step was ~98 wt% (Fig. S17e and Fig. 

S17f). 
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Figure S17. SEM-EDS analysis of PM nuggets and Ti-containing precipitates from 
their recycling process. SEM images of (a) Gold nugget and (b) Ti-containing 
precipitates from CPU recycling. SEM images of (c) Pt nugget and (d) Pd nugget from 
Pt/C and Pd/C recycling, respectively. SEM images of (e) Pd nugget and (f) Pt nugget 
from ACCs recycling. Insets were their corresponding EDS energy spectra. 
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