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Experimental 

Materials and chemicals

KOH, LiF, HCl, Ti3AlC2 and AgNO3 were purchased from Sinopharm Chemical Reagent Co., Ltd., 

whereas L-cysteine (L-cys) was obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. 

Interfering ion solutions containing metal ions such as Ni2+, Pb2+, Co2+, Mn2+, Zn2+ and Cu2+ were 

prepared using the related metal salts as the raw materials. All electrochemical tests were conducted 

using a CHI 660E electrochemical workstation in a PBS buffer solution (0.1 M, pH 5.0), unless 

otherwise specified.

Synthesis of S,N-Ti3C2TxR

To begin with, Ti3C2TxS was produced through a top-down etching approach to remove the Al layer 

of Ti3AlC2 1. Subsequently, Ti3C2TxR was prepared using the following procedure: 250.0 mg of 

Ti3C2TxS was added into a 30.0 mL solution of 6.0 M KOH, subjected to ultrasonic oscillation for 15 

minutes to achieve uniform dispersion, and then stirred continuously for approximately 4 days. After 

the completion of the reaction, the formed materials were neutralized through washing, subsequently 

dried at 60°C to obtain black Ti3C2TxR powder. 

The final product S,N-Ti3C2TxR was obtained through a straightforward hydrothermal method 

involving the dissolution of 20.0 mg L-cys in 30.0 mL Ti3C2TxR solution (1.0 mg mL-1). This mixture 

was then transferred to a Teflon-lined stainless-steel autoclave for the hydrothermal treatment of 12 

hours. Afterward, the resulting nanomaterial was subjected to centrifuging, filtering, washing, and 

drying at 60 °C to acquire the desired S,N-Ti3C2TxR product. 

EfASV detection of Ag+ based on S,N-Ti3C2TxR modified electrode

To prepare the S,N-Ti3C2TxR modified glassy carbon electrode (S,N-Ti3C2TxR/GCE), the first step 

involved carefully polishing the GCE with alumina powder and rinsing it with ultrapure water. Then, 
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9.0 μL S,N-Ti3C2TxR suspension was added dropwise onto the GCE surface. Then, the modified 

electrode was subsequently dried using an infrared lamp, resulting in the formation of the desired 

S,N-Ti3C2TxR/GCE. Finally, the EfASV measurement of Ag+ was conducted in 2-consecutive 

processes:

(1) Immersing the as-prepared S,N-Ti3C2TxR/GCE in a phosphate-buffered saline (PBS) solution 

containing Ag+ for a specific duration;

(2) Electrochemical measurements conducted using DPV in a blank 0.1 M PBS solution. 

For comparison, Ti3C2TxS/GCE and Ti3C2TxR/GCE were prepared using identical procedures with 

above.
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Figure S1. TEM images of Ti3C2TxS (A), Ti3C2TxR (B) and S,N-Ti3C2TxR (C). 
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Figure S2. EDS analysis of S, N-Ti3C2TxR.
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Figure S3. (A) XPS spectra of S,N-Ti3C2TxR; high-resolution XPS spectra of (B) Ti 2p spectra, (C) 

C 1s spectra, (D) O 1s spectra, (E) N 1s spectra, and (F) S 2p spectra of S,N-Ti3C2TxR.

It can be found from Figure S3A that the as-prepared S,N- Ti3C2TxR consists of Ti, O, C, N, and 

S. Figure S3B confirms the presence of a distinct Ti 2p response which can be further resolved into 

two binding energies, Ti 2p1/2 and Ti 2p3/2. The distinct peaks at 288.6 eV, 531.1 eV, and 531.8 eV 

(Figures S3C and S3D) were attributed to the HO-C=O bond, Ti-OH bond, and CO bond, 

respectively. The characteristic peaks of N 1s (Figure S3E) and S 2p (Figure S3F) indicate the 

successful inclusion of N and S heteroatoms, and the spectrogram reveals that the N 1s core energy 

degree is divided into 3 peaks: the peaks at 401.6 eV, 399.5 eV and 397.3 eV which represent graphite 

N, pyrolysis N and pyridinic N respectively. In particular, the presence of pyridinic N at 397.2 eV is 

a crucial factor in improving the electrochemical activity and conductivity 2, 3. Additionally, the 

presence of C-SOx-C (167.6 eV), C-S-C (163.6 eV), and S-Ti (162.0 eV) bonds in Figure 3F verified 

the effective introduction of sulfur via the existence of S-C bonds.4, 5
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Figure S4. (A) XRD patterns and (B) Raman spectra of (a) Ti3C2TxS, (b) Ti3C2TxR and (c) S,N-

Ti3C2TxR.

The X-ray diffraction (XRD) patterns depicted in Figure S4A provide insights into the structural 

evolution of the Ti3C2TxS, Ti3C2TxR, and S,N-Ti3C2TxR powders. The peaks observed at 2θ values 

of 28.5° and 44.2° correspond respectively to the (008) and (106) planes. After etching, the interlayer 

spacing of Ti3C2TxR expanded, as evidenced through the shift in the (002) diffraction peak from 

2θ=9.7° to 2θ=7.9°, when compared to Ti3C2TxS. Additionally, the doping of S and N resulted in a 

slight shift of the (002) peak to 7.3° in the synthesized S,N-Ti3C2TxR, due to the incorporation of 

heteroelements. This further expanded the interlayer spacing, possibly attributed to the introduction 

of S, which generated S-Ox at the edges of Ti3C2TxR, thereby creating additional accessible active 

sites and widening the interlayer spacing. The Raman spectrum was employed to evaluate the 

structure, molecular interactions and defect level in the synthesized Ti3C2TxS, Ti3C2TxR, and S,N-

Ti3C2TxR, the results are shown in the Figure S4B. All three spectra exhibit four distinct peaks: the 

typical peaks at ω1 (⁓150 cm-1) and ω3 (⁓508 cm-1) arise from the vibration of TiO2 anatase phase 

and Ti atom, while the peaks at ω2 (⁓385 cm-1) and ω4 (⁓632 cm-1) represent non-stoichiometric TiC 

vibrations. Simultaneously, the Raman spectrum also demonstrates the existence of two prominent 

peaks at ⁓1345 cm-1 and ⁓1563 cm-1, corresponding to the D band and G band of graphitic C. In 

general, the D band indicates imperfections in the carbon atom lattice, whereas the G band represents 
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the sp2 hybridization of C atom with in-plane stretching vibration. The level of defect structural is 

commonly quantified by utilizing the intensity ratio of the D and G band (ID/IG), and a larger ID/IG 

ratio usually signifies a greater extent of defects. From the figure, the computational findings 

demonstrate a progressive increase in ID/IG values for Ti3C2TxS, Ti3C2TxR, and S,N-Ti3C2TxR, with 

values of 0.891, 0.970, and 0.985 respectively. This indicates a decline in the graphitization level of 

the material and an enhancement in defect density, confirming the successful synthesis of S,N-

Ti3C2TxR with increased vacancies, defects, and more active sites.
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Figure S5. (A) XPS spectra of Ag0/S,N-Ti3C2TxR and (B) high-resolution XPS spectra of Ag 3d 

spectra.
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Figure S6. The effect of the pH value of PBS (A), the amount of S,N-Ti3C2TxR/GCE (B) and the 

accumulation time (C) on the DPV peak currents of Ag+ (2.0 μM). 
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Figure S7. (A) The peak current values of 8 independently fabricated S,N-Ti3C2TxR/GCE towards 

Ag+ (2.0 μM), (B) the stability test of S,N-Ti3C2TxR/GCE/GCE for Ag+ (2.0 μM) and (C) the peak 

current values of S,N-Ti3C2TxR/GCE/GCE towards Ag+ (0.2 μM) containing various ions (2.0 μM).

Initially, a total of eight separate S,N-Ti3C2TxR/GCEs was prepared by using similar method, and 

the DPV signal of Ag+ was subsequently measured simultaneously in 0.1 M PBS. The findings in 

Figure S7A demonstrated a relative standard deviation (RSD) of 3.72% for the DPV current, 

indicating the favorable reproducibility of the S,N-Ti3C2TxR/GCE. Subsequently, we assessed the 

sensor stability by storing S,N-Ti3C2TxR/GCE at 4 °C for two weeks (Figure S7B). The findings 

confirmed that the peak current response for Ag+ remained at 91.1% of its initial value, indicating the 

outstanding stability of the sensor. Moreover, the selectivity of S,N-Ti3C2TxR/GCE was examined by 

introducing various interfering substances in the test samples. The result display that the presence of 

ions including Pb2+, Mn2+, Ni2+, Co2+, Cu2+, Zn2+, Na+, Ca2+, and Cd2+ (2.0 μM) did not affect the 

results when using S,N-Ti3C2TxR/GCE to detect Ag+ (0.2 μM), indicating its strong capability to 

resist interference, as displayed in Figure S7C.
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Table S1. Comparisons between the present EfASV sensor and previously reported ASV sensors for 
Ag+ detection.

Sensors Electrodeposition Linear range / μM LOD / nM Ref
Au@4-ATP/Au -0.54V, 350s 0.005–3.0 13 6
PANI/SSA/GCE -0.45V, 100s 0.01-100 3.4 7
Cr/CPE -1.3V, 100s 0.028-0.093 9.3 8
GaN micropillar electrode -0.1V, 180s 0.093-9.3 30 9
LB/PAn-PTSA/GCE -0.56V, 200s 0.006-1.0 0.4 10
MWCNTs/CPE -0.7V, 20s 0.0046-2.2 0.74 11
Schiff/CPE -0.7V, 20s 0.0046-1.8 0.85 12
4-tert-butyl-1thiacalix [4] arene -0.6V, 30s 0.05-30.0 10 13
mag-IIP-NPs/CPE -0.8V, 40s 0.0046-1.4 1.4 14
CNTs/GCE 0.3V, 240s 0.1-2.5 30 15
BiEF/GCE -0,8V, 60s 0.093-0.83 19 16
ABP/GA/4-NBD/GCE -0.6V, 180s 0.05-1.0 25 17
BHAB-MCPE/CPE -0.9V, 300s 0.01-2.0 6.7 18
N-CNT/GOx 0.02-0.2 1.8 19
p-isopropylcalix[6]arene/CPE -0.25V, 180s 0.05-2.0 48 20
S,N-Ti3C2TxR/GCE Free 0.002-4.0 0.667 This work
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Table S2. The determination of Ag+ in real samples.
Sample Spiked / μM Found / μM Recovery / % RSD / %

0.02 0.021 105.0 3.23
0.2 0.218 109.0 3.42Lake water
2.0 1.980 99.0 5.14
0.02 0.019 95.0 4.57
0.2 0.197 98.5 4.11

Tap water

2.0 2.13 106.5 4.05
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