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S1 Experiment Detail 

S1.1 XAFS measurements  

The X-ray absorption fine structure data were collected at 1W1B station in Beijing Synchrotron 

Radiation Facility (BSRF). The storage rings of BSRF was operated at 2.5 GeV with a maximum 

current of 250 mA. The X-ray absorption near edge structure (XANES) data were recorded in 

fluorescence mode. All samples were pelletized as disks of 13 mm diameter using poly(1,1-

difluoroethylene) powder as a binder. The acquired extended X-ray absorption fine structure 

(EXAFS) data were processed according to the standard procedures using the ATHENA module 

implemented in the IFEFFIT software packages [S1]. The EXAFS spectra were obtained by 

subtracting the post-edge background from the overall absorption and then normalizing with 

respect to the edge-jump step. Subsequently, χ(k) data in the k-space were Fourier transformed to 

real (R) space using a Hanning window (dk = 1.0 Å−1) to separate the EXAFS contributions from 

different coordination shells. 

S1.2 Ex situ XPS experiments  

Ex situ XPS measurements were carried out on X-ray photoelectron spectroscopy (XPS, 

ESCALAB 250Xi, Thermofisher Scientific) and binding energies were calibrated the of the 

elements by C 1s (284.6 eV). During the test, the sample was first mounted on a transfer bar and 

then transferred to the reaction chamber. Next, a gold-plated copper seal was installed to seal the 

reaction chamber. Then, the target temperature (25oC) is set and the corresponding air is injected 

for pretreatment for 5 minutes. Finally, the reaction chamber is evacuated, and then transferred 

directly to the analysis chamber for testing and analysis. The data obtained is the XPS spectra in 

air. The reaction chamber was transferred out of the analysis chamber. The corresponding mixture 

of SO2 gas and air is injected for pretreatment for 5 minutes (SO2 in the gas mixture at a 
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concentration of 50 ppm). Then, the reaction chamber was vacuumed, and then directly transferred 

to the reaction chamber for testing and analysis. The obtained data is XPS spectra in SO2. 

S1.3 In situ gas (SO2) adsorption breakthrough  

In situ gas (SO2) adsorption breakthrough tests combined with mass spectrometry (MS) were 

carried out using the dynamic sorption analyzer (mixSorb S) with a thermal conductivity detector 

(TCD) combined with a mass spectrometer (OMNISTARTM). 

S1.4 In situ Raman experiments  

The Raman spectra were obtained on a Renishaw spectrometer (Raman, INVIA). The sample was 

first placed on a silicon wafer in the in-situ reactor. Then a mixture of SO2 gas and air was injected 

and the Raman spectrum is collected (1000 ppm of SO2 in the gas mixture). Finally, data is 

collected every 30 s and the last data is collected at 150 s to end the test. 

S1.5 Gas-sensing measurement 

The gas-sensitive material was coated on the interdigital electrode of Micro Electro Mechanical 

System (MEMS) chip by ultrasonic spraying equipment which ensured the uniformity of the 

materials on the chips. As seen in Fig. S35, the thickness of the sensing layer was about 58 μm. 

Assembled MEMS sensors were placed onto the bottom of the chamber of LP-002A gas sensing 

system (Lingpan Electronics Technology Co. Ltd., China). The gas sensing system were shown in 

Fig. S36. The circuit voltage (V) was set at 10 V and the output voltage (Vout) was recorded 10 

times a second. The relationship between the resistance of the MEMS sensor (R) and the Vout is 

shown in Equation S1. The load resistance (RL) is 106 W in the gas sensitivity test. Therefore, R 

can be calculated by Vout. The resistance (R) of sensor were calculated by the Eq. (S1): 

                                      (S1) 

Where 10 is the circuit voltage, Vout is the output voltage of the load resistance (RL) detected. The 

operating temperature of sensors was achieved by adjusting the heater voltage. During the gas 

sensitivity testing process, a constant temperature (25℃) and humidity (30%-45%) are rigorously 

controlled in the testing laboratory, which ensuring that each gas sensitivity test was conducted 

under the same temperature and humidity conditions. All the different concentrations of standard 

gases are 200 ppm standard gases mixed with N2 bought from Shanghai Shenkai Gases 

Technology Co., Ltd. The static gas distribution method was used for testing the gas response. 

When the resistances kept stable, the test gas was injected into the 200 mL chamber. The amount 

of injected gas can be obtained through the Eq. (S2): 

                                                 (S2) 

Where Vx(mL) is the gas volume extracted from the gas sampling bags by the micro syringe, 200 

is the volume of the test chamber, C is the standard concentration of gas in gas sampling bags and 

the Cx is the different gas concentration in the test chamber. The response value of sensors in a 

reducing atmosphere is defined as response = (Ra-Rg)/Rg. The resistance of the sensor in the air is 

recorded as Ra and that in the test gas is Rg. The test temperature is changed by changing the 

voltage at both ends of the heating electrode. Figure S38 is the relationship between the voltage at 

both ends of the heating electrode and the temperature.  

The selectivity coefficient (K) can be used to quantitatively assess the selectivity of the sensor. 

The K value can be calculated by the Eq. (S3): 

𝐾 =
𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑆𝑂2

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑥
                                               (S3) 

http://springer.com/journal/40820


Nano-Micro Letters 

S3/S23 

where the response SO2 is the response of the sensor in 5 ppm SO2 and the response x is the 

response of the sensor in 5 ppm other gases. 

S1.6 Gas (SO2) Adsorption and Desorption Tests 

The Quartz crystal microbalance (QCM) resonators were purchased from Chengdu West Sensor 

Technology Co., Ltd. QCM measurement is composed of a thin slice of quartz crystal with double-

faced deposited silver electrodes. The mechanism of QCM is based on the piezoelectric effect of 

quartz crystal oscillator, where there is a quantitative relationship between the increasing mass 

change (∆m) and decreasing frequency change (∆f). The quantitative relationship is in accordance 

with the Sauerbrey equation: ∆f=-2.3×10-6×f0
2∆m/A. Where f0 is the inherent oscillation frequency 

of the chip (107, Hz), A is the effective working area of the electrodes (d=3 mm). 

S1.7 Methodology and calculation model 

All DFT computations were performed in the Vienna ab initio simulation package (VASP) [S2] 

under projector augmented wave (PAW) potentials to describe the interactions. The generalized 

gradient approximation (GGA) [S3] in the Perdew–Burke–Ernzerhof (PBE) functional was used 

to treat the exchange-correlation between electrons. The way of DFT-D3 [S4] was adopt to correct 

van der Waals force. A cut-off energy of 400 eV for plane wave expansions was used and all 

geometric structures were set a 10 Å vacuum layer in the z-direction. The 10-5 eV for conventional 

energy and 0.02 eV Å−1 for force under a 3×3×1 sheet k-point mesh were taken as the convergence 

criteria to optimize the structures. The electronic structures of the density of state (DOS) were 

calculated with 3×3×1 k-points. In all of the structure optimization, the bottom half of the slab in 

the vertical z-direction was constrained, while the top half of the slab and the adsorbates were fully 

relaxed. In this calculation, the MoS2(200) was modeled by a 2×2 supercell. The adsorption energy 

(ΔE) of SO2 on the substrates can be given by Eq. (S4): 

ΔE = Etotal – ESO2 – Esubstrate                                             (S4) 

Where Etotal, ESO2, and Esubstrate are the energy of SO2 adsorption on the substrate, energy of SO2, 

and energy of substrate, respectively. 

S2 Supporting Figures and Tables  

 

Fig. S1 (a, b) SEM images of MoO3 inorganic-organic nanowires. (c) XRD pattern of the MoO3-

ANE (d) FTIR spectra of the MoO3-ANE inorganic-organic nanowires and MoS2 
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All the diffraction peaks of MoO3-ANE were well indexed to monoclinic Mo3O10(C6H8N)2 

(ICDD: 50-2402), thus matching those reported previously [S5]. The FTIR spectra suggest that 

the hybrid precursors can be successfully transformed into inorganic materials. 

 

 

Fig. S2 (a) SEM image of the nanosheet-based MoS2 inorganic nanoflower, (b, c) TEM images of 

MoS2, (d) HRTEM image of MoS2 

The HRTEM showed fringes with a lattice spacing of 0.27nm, which corresponds to the (100) 

pane of MoS2. 

 

Fig. S3 HAADF-STEM image of Pt1-MoS2 

1μm

(a) (b)

(c) (d)
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The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

image shows the atomic dispersion of Pt species over the Pt1-MoS2 surface and no notable Pt 

clusters are observed. 

 

Fig. S4 (a) TEM image of the Pt1-MoS2-def, (b) HRTEM image of the Pt1-MoS2-def and the 

corresponding FFT diffraction pattern from the white frame in (a), (c) EDS elemental mapping of 

Pt1-MoS2-def 

No Pt nanoparticles are found (Fig. S4a, b) in the Pt1-MoS2-def. Meanwhile, the energy-

dispersive X-ray spectroscopy (EDS) mapping (Fig. S4c) further demonstrates the homogeneous 

distribution of Pt, Mo, and S elements. 

 

Fig. S5 (a) SEM image (b) TEM image (c) HRTEM (d) EDS elemental mapping of the Pt NPs-

MoS2 
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The HRTEM showed fringes with a lattice spacing of 0.22nm, which corresponds to the (111) 

pane of Pt nanoparticles and the lattice fringes with the interplanar distance of 0.27 nm are 

attributed to the (100) plane of MoS2. The results showed that Pt nanoparticles are successfully 

modified on the surface of MoS2. 

 

Fig. S6 SEM image of (a, b) Pt1-MoS2, (c, d) Pt1-MoS2-def, (e, f) Pt NPs-MoS2 
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Fig. S7 TEM image of (a, b) Pt1-MoS2, (c, d) Pt1-MoS2-def, (e, f) Pt NPs-MoS2 

 

Fig. S8 XRD pattern of MoS2, Pt1-MoS2, Pt1-MoS2-def and Pt NPs-MoS2 
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Fig. S9 (a-c) BET analysis showing a typical N2 adsorption-desorption isotherm of the MoS2, 

Pt1-MoS2 and Pt1-MoS2-def. (d-f) The pore size distribution curve of the MoS2, Pt1-MoS2 and 

Pt1-MoS2-def. 

The Brunauer-Emmett-Teller (BET) surface area of MoS2, Pt1-MoS2 and Pt1-MoS2-def 

measured by N2 adsorption-desorption is 7.31 m2 g-1, 2.51 m2 g-1and 4.88 m2 g-1, respectively. The 

difference of BET surface area is insignificant. In addition, no obvious pores are found in three 

samples. 
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Fig. S10 Pt L3-edge EXAFS k space fitting curve (red) and the experimental curve (black) of Pt1-

MoS2 and Pt1-MoS2-def 

DFT calculations 

The calculation of “referenced” energies is done according to the following formulas: 

Atomisation energy: E atm = E sys – NMo ×E Mo atom – N S ×E S atom 

Bond energy: E bond = E atomisation / (2×N Mo + N S) 

Vacancy formation energy: △E vac = E sys – N Mo × (E Mo atom + 2×E bond) – N S × (E S atom + E 

bond ) 

Binding energy: BE = E Slab+Ads – E Slab – E Ads 

Species in Vacuum: 

Species Energy 

(eV) 

S atom -0.170 

Mo 

atom 

-0.388 

Pt 

atom 

-0.248 

 

Fig. S11 Geometrical structures of Pt1-MoS2 and their Pt binding energy 
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Fig. S12 Geometrical structures of proposed Pt1-MoS2-def and S vacancy formation energy 

 

According to the fitting results of EXAFS (Table S2), it can be observed that the coordination 

between Pt and S atoms predominates in the Pt1-MoS2-def sample, with a coordination number of 

three for the Pt-S bonds. Despite the fact that the defect 3 model has a lower vacancy formation 

energy (-4.306 eV), the defect 2 model exhibits better compatibility with the Pt coordination 

environment in the actual sample. 
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Fig. S13 Geometrical structures of MoS2 and MoS2 with 1 S-vacancy and its vacancy formation 

energy 

 

Fig. S14 (a)The Mo 3d (b) S 2p (c) Pt 4f XPS of Pt NPs-MoS2 

 

Fig. S15 (a) Dynamic response transitions and the (b) corresponding response of Pt NPs-MoS2 

sensors upon exposure to 10-60 ppm SO2 gas, (c) Reliability tests using sensors upon 8 cyclic 

exposures to 30 ppm SO2, (d) long-term stability toward 30 ppm SO2 gas for Pt NPs-MoS2 sensors 
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The dynamic response transition curves of the Pt NPs-MoS2 sensors along with SO2 

concentrations in the range of 10-60 ppm were exhibited in Fig. S15(a). The inability of the Pt 

NPs-MoS2 sample to recover at 60 ppm may be attributed to the saturation of active adsorption 

sites on the sample surface by SO2. Fig. S15(b) shows the linear relationships between responses 

and SO2 concentrations within 10-60 ppm for Pt NPs-MoS2 sensors. Compared with Pt1-MoS2-def, 

the LOD of Pt NPs-MoS2 is relatively high (10 ppm). 

 

Fig. S16 The dynamic response-recovery resistance curves of MoS2, Pt1-MoS2 and Pt1-MoS2-def 

sensors to different concentrations of SO2 at RT 

Obviously, the Pt1-MoS2-def sensor displays the highest response values toward different 

concentrations of SO2 compared with Pt1-MoS2 and MoS2 sensors. 

 

Fig. S17 K value of MoS2, Pt1-MoS2 and Pt1-MoS2-def sensors to 3 ppm SO2 at room temperature 
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Fig. S18 Dynamic response transitions and the corresponding response/recovery fitting curves of 

the sensors for 25 ppm of SO2 sensing 

 

Fig. S19 Long-term stability toward 25 ppm SO2 gas for MoS2, Pt1-MoS2 and Pt1-MoS2-def 

sensors 
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Fig. S20 (a) Time-related dynamic responses in the concentration 5 ppm SO2. (b, c) Statistical 

graph of the response values for the five samples 

The tests of Pt1-MoS2-def sensors in five sensors to 5 ppm of SO2 are exhibited in (Fig. S20a). 

The response values of the five sensors to 5 ppm of SO2 show uniformity, as depicted in Fig. S20 

b, c, and the error among the five sensors is within 1%. Therefore, our experimental results and 

approach reflect statistics. 

 

 

Fig. S21 (a) Dynamic resistance transitions and the (b) corresponding response of Pt1-MoS2-def 

sensors upon exposure to 0.5-5 ppm SO2 gas under different temperature conditions, that is, RT, 

50 and 100 °C 
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Fig. S22 (a) Dynamic resistance transitions and the (b) corresponding response of Pt1-MoS2-def 

sensors upon exposure to 5 ppm SO2 gas under different humidity conditions, that is, 30%, 55% 

and 90% RH 

 

Fig. S23 (a)Schematic diagram of the improved device. The white circular disk represents the 

polytetrafluoroethylene film. (b) Dynamic resistance transitions and the (c) corresponding 

response of Pt1-MoS2-def sensors upon exposure to 25 ppm SO2 gas under different humidity 

conditions, that is 45%, 60% and 90% RH. 

After adjusting the device, we tested the response of the material to 25 ppm SO2 under different 

humidity conditions. It was observed that under 90% humidity, the sensor's response decreased by 

no more than 9%, effectively improving the normal operation of the device in high humidity 

environments. 
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Fig. S24 Ex situ XPS spectra of MoS2-def in the vicinity of Mo 3d and S 2p when exposed to air 

and SO2 toward 100 ppm of SO2 at room temperature, respectively 

 

 

Fig. S25 Resistance changes of MoS2, Pt1-MoS2, Pt NPs-MoS2 and Pt1-MoS2-def during a gas 

sensitive response 

 

Fig. S26 Interface band structure of Pt1-MoS2-def 
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Fig. S27 In situ Raman spectra of the MoS2-def 

 

Fig. S28 The density of states (DOS) for Pt1-MoS2 and Pt1-MoS2-def 
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Fig. S29 Top views of the most stable adsorption configurations of SO2 on MoS2, Pt1-MoS2 and 

Pt1-MoS2-def 

 

Fig. S30 The schematic circuit diagram of circuit board 
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Fig. S31 The layouts of the printed circuit board (PCB) 

 

Fig. S32 Design survey drawing of disk-shaped device 

 

Fig. S33 Main interfaces of the custom mobile application. (a) The starting interface of the 

application. (b) The real-time data reading of SO2 gas 
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Fig. S34 Dynamic response transitions of Pt1-MoS2-def sensors upon exposure to 10 ppm and 5 

ppm SO2 gas 

 

Fig. S35 SEM image of typical cross-section MEMS chips 

 

Fig. S36 Schematic of the fabrication for gas sensing system. (a) the gas sensing system LP-002A, 

(b) the exploded views of test base, (c) MEMS sensor, (d) measuring circuit of MEMS sensors 
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Fig. S37 SEM images of MEMS chips 

The width and gap of the electrode is about 7 μm and the size of the interdigital electrode is 156

×156 μm. 

 

Fig. S38 The relations between temperature and heating voltage 

Table S1 The content of noble metals in the obtained composites was measured by ICP-OES 

Samples Pt 

(μg/ml) 

Content of 

Pt (wt%) 

MoS2 / / 

Pt NPs-

MoS2 

0.0296 0.1 

Pt1-MoS2-

def 

0.0299 0.1 

   

Table S2 EXAFS fitting parameters at the Pt L3-edge for various samples（Ѕ0
2=0.81） 

Sample Coordination CNa R(Å)b σ2(Å2)c ΔE(eV)d R-factor 

Pt foil Pt-Pt 12 2.48 -- -- 0.002 

PtS2 Pt-S 6 2.40 -- -- 0.011 

Pt1-MoS2-def Pt-S 3.5 2.33+-0.01 0.0027+-0.0014 9.2 0.009 

Pt1-MoS2 Pt-S 3.6 2.32+-0.01 0.0030+-0.0011 6.7 0.009 

aCN, coordination number; bR, the distance to the neighboring atom; cσ2, the Mean Square Relative 

Displacement (MSRD); dΔE0, inner potential correction; R factor indicates the goodness of the fit. 

S02 was fixed to 0.810, according to the experimental EXAFS fit of Ni foil by fixing CN as the 

known crystallographic value. * This value was fixed during EXAFS fitting, based on the known 
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structure of Pt. Fitting range: 2.9 ≤ k (/Å) ≤ 12.6 and 1.0 ≤ R (Å) ≤ 3.0 (Pt foil); 3.2 ≤ k (/Å) ≤ 11.4 

and 1.1 ≤ R (Å) ≤ 2.4 (sample). A reasonable range of EXAFS fitting parameters: 0.700 < Ѕ0
2 < 

1.000; CN > 0; σ2 > 0 Å2; |ΔE0| < 10 eV; R factor < 0.02.  

Table S3 The of QCM tests 

Sample Fundamental 

frequency 

(106 hz) 

Frequency 

after 

coating 

(106 hz) 

Frequency 

shift (hz) 

Load mass 

(ng) 

MoS2 10002396.76 10000337.85 2058.91 1143.838889 

Pt1-MoS2 10002459.02 10000639.8 1819.22 1010.677778 

Pt1-

MoS2-def 

10002432.37 10002178 254.37 141.3166667 

Pt NPs-

MoS2 

10002434.07 10001908.42 525.65 292.0277778 

Table S4 A summary of SO2 gas sensors at room temperate 

Sensing 

material 

Limit of 

detection 

Operating 

temperature 

Response

（%） 

Reference

s 

Ni-MoS2 250 ppb RT 7.4 (5 ppm) [S6] 

NiO-SnO2 5 ppm RT 8.3 (50 

ppm) 

[S7] 

PANI 10 ppm RT 4.2 (10 

ppm) 

[S8] 

GO 5 ppm RT 6 (5 ppm) [S9] 

ZnO 100 ppm RT 0.2 (100 

ppm) 

[S10] 

SnO2-PANI 2ppm RT 3.1(4 ppm) [S8] 

WO3-PANI 5ppm RT 4.3(5 ppm) [S11] 

RGO/WO3 50ppb RT 30 

(300ppb) 

[S12] 

MWCNTs/WO3 50ppb RT 23 

(300ppb) 

[S12] 

Zr-MOF 1ppm RT 0.3 

(50ppm) 

[S13] 

UIO-66-NH2 1ppm RT 1.5 

(50ppm) 

[S14] 

ZC-LDH-

iPOV-3 

100ppm RT 71.71 

(100ppm) 

[S15] 

TiO2/rGO 1ppb RT 11.14 

(5ppm) 

[S16] 

Polyaniline 10ppm RT 4.2 

(10ppm) 

[S10] 

Polyaniline-

WO3 

5ppm RT 10.6 

(10ppm) 

[S17] 

Ag/PANI/SnO2 500 ppb RT 2010 

(50ppm) 

[S18] 

ZnO/GaN 500 ppb RT 15 (10 ppm) [S19] 

Pt1-MoS2-def 500 ppb RT 3.14 (500 

ppb) 

This work 
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