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Assembly of Gas Sensors and Preparation procedure of Sample Gases

AMC aerogel sensors were fabricated by uniformly applying 0.2 mm-thick
conductive silver paste to both ends of the as-prepared aerogels to prevent short circuits.
The treated aerogels were then attached onto flexible interdigital electrodes (25
electrodes; length: 10 mm, width: 0.35 mm, spacing: 50 um) supported by a 13 pm-
thick PI substrate. The assembly was dried at 60 °C for 3 h to fully cure the conductive
silver paste, affording the complete gas sensor element. Sensing performance was
characterized using the static liquid-gas distribution method. The liquid volume

corresponding to the target gas concentration was calculated according to Equation S1:

224xdxpxV; 27315+ T
C, = x x 10° (S1)
V, xM,_x200  273.15

The designed gas concentration within the test chamber C,, (ppm), liquid density d
(g-cm), required liquid solution volume V| (mL), liquid reagent purity p (mass
fraction), molar mass of the target gas M, (g-mol!), test chamber volume Vi, (mL), and
gas temperature T (°C) are defined as above. The gas was allowed to cool naturally to
room temperature (15 °C, winter conditions). The sensor was first placed in ambient air
until its resistance stabilized at R,. Test gas was then introduced, and the steady-state
resistance R, was recorded after equilibration. This process was repeated, and the
sensor response was defined as S=|R,—R,|/R,. Response and recovery time were
defined as the time required for the sensor resistance to reach 90% of its total variation
upon gas exposure and removal, respectively. Selective definition refers to the
TMA/interferent response ratio.

I-V curve measurement and conductivity calculation of the composite material

Current—voltage (I-V) characteristics were acquired using an electrochemical
workstation (Model CH1760E A18501) at room temperature. The AMC aerogel
supported on interdigital electrodes was scanned from —3 to 3 V at a rate 0of 0.05 V-sL.
A bias voltage of 0 V was maintained at the onset and conclusion of measurements to
avoid irreversible polarization. The interdigital electrode consisted of 25 pairs of ITO
electrodes on a 13 pum-thick PI substrate (10 x 10 mm?), with electrode width and

interelectrode gap both fixed at 50 um and an overlapping length of 30 mm. The
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electrical conductivity (o) of the composite was calculated using Equation S2 (given
below)(!l:

dx1I
°” 2n-1)xLxhxv

(82)

where d denotes the interelectrode spacing, I and V correspond to the current and
voltage, respectively, n stands for the number of electrode fingers, and L refers to the
overlapping length of the electrodes. If the aerogel thickness exceeded that of the ITO
electrodes, L was taken as the electrode thickness; otherwise, h represented the aerogel
thickness.
Details of the Density functional theory (DFT) calculation

Computational Models Construction: This study investigates the effects of Au
loading on the structural and electronic properties of two-dimensional MXene materials
via a supercell model of Au-modified Ti;C,Ty. A Ti;C,Tx MXene substrate model was
first constructed with lattice constants of 12.266 A (X and Y directions) and 19.720 A
(Z direction), incorporating Ti, C, and surface-active O atoms. Au atoms were
subsequently introduced to form an MXene-Au composite model, to simulate Au
adsorption on the MXene surface and examine charge transfer behaviors. All models
were optimized using DFT to obtain equilibrium configurations. The results
demonstrate that Au atoms can stably adsorb on the MXene surface while preserving
structural integrity, providing a computational foundation for future applications in
catalysis and sensing. This modeling strategy is effective: the 12.27 A supercell size
avoids spurious interactions between Au atoms, and the 19.720 A Z-axis dimension
ensures a sufficient vacuum layer to eliminate interlayer interference. Moreover, DFT
enables accurate descriptions of electronic orbital hybridization and bond-length
variations between Au and Ti;C,Ty surface atoms, guaranteeing the validity of the
calculated results.

Computational Parameters and Methods: All first-principles calculations were
conducted via the CASTEP package within the framework of DFT. Geometric structure
optimization was carried out using the Perdew—Burke—Ernzerhof (PBE) exchange—

correlation functional under the generalized gradient approximation (GGA), which
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offers a balance between accuracy and efficiency for describing metal oxide adsorption
and electronic properties. To address local electronic correlation effects, the DFT+U
correction scheme was employed to enhance the localization of transition metal d-
orbitals.[?l Additionally, the collinear method was used to account for spin polarization,
with the formal spin state designated as the initial spin state to validate the magnetic
state.

In the electronic structure calculations, an energy cutoff of 450 eV for the plane-wave
basis set was chosen to ensure adequate wave function expansion and reliable
convergence of the total energy.! Brillouin zone integration used the Monkhorst—Pack
method with a 5 x 5 x 4 k-point grid. Convergence tests indicated that this k-point
resolution produced a total energy variation of less than 10~ eV per atom, confirming
grid sufficiency for structure optimization and electronic property analysis.

To prevent spurious interactions from periodic images along the Z-axis, a vacuum
layer of 15 A was introduced, effectively minimizing interlayer coupling. These settings
ensured high accuracy while reducing potential errors arising from finite-size effects,
incomplete basis sets, or insufficient Brillouin-zone integration. Norm-conserving
pseudopotentials were employed, and relativistic effects were treated using the
Koelling—Harmon approximation, thereby balancing computational complexity and
accuracy.

Adsorption energy (E,qs) was calculated to evaluate material stability for target gas
molecule adsorption!*l. The formula is expressed in Equation (S3):

Eowa=Em yamc - gas ~ Egas = Em-yamc (S3)

In the formula, Enry amc-eas T€Presents the total energy of the material in the gas
adsorption model, where target gas molecules are adsorbed. E,, represents the total
energy of the gas molecules alone, while Eq)amc represents the total energy of the
material when no gas molecules are adsorbed. All these energies, including En.y amc-
gas» Egas, and Eppjamc, are expressed in kcal'mol-!. The differences among these
energies enable the assessment of adsorption performance, such as the stability of the

gas adsorption process and the interaction between the material and the gas molecules.
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Figure S1. SEM images of AMC aergel with different concentrations of HAuCly: (a) 0
mL, (b) I mL, (¢c) 2 mL, (d) 3 mL, (e) 4 mL.

Figure S2. SEM images of AMC4.

Note: Excessive Au NPs aggregate on the surface of MXene at a 4 mL addition of 10
mg-mL-' HAuCly, and the over-agglomerated Au clusters obscure the adsorption sites

on the surface of MXene.
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Figure S3. Nitrogen adsorption—desorption isotherms of AMCO0, AMCI1, AMC?2,
AMC3 and AMC4 aerogels.

Note: The nitrogen adsorption—desorption isotherms of AMCO0-AMC4 aerogels have
been shown in Figure S3. All samples exhibit typical Type IV adsorption isotherms,
indicating a strong interaction between the material and nitrogen molecules, as well as
the presence of mesoporous structure. The calculated BET specific surface areas of
AMCO to AMC4 are 9.01, 12.85, 19.91, 1.23 and 1.00 m?/g, respectively. The relevant

specific surface area parameters have also been summarized in Table SI.
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Figure S4. BJH pore-size distribution plots of (a) AMCO and (b) AMC2 aerogel.



Figure SS5. Selected area electron diffraction pattern (SAED) of the AMC aerogel.
Note: SAED characterization was newly supplemented for the AMC aerogel and has
been added as Figure S5 in the Supporting Information, with its corresponding crystal
planes accurately calibrated. Clear diffraction rings can be well indexed to the (111),
(200), (220) and (311) lattice planes of face-centered cubic Au, verifying the successful
decoration and high crystallinity of Au nanoparticles.[’! These findings are in excellent
accordance with the XRD results in the manuscript. In sharp contrast, MXene exhibits
only faint scattered diffraction spots rather than continuous diffraction rings. Such a
phenomenon implies the loss of long-range structural periodicity, which aligns well
with the XRD observation that the characteristic (002) peak of pristine MXene
disappears in the aerogel. This structural feature stems from the exfoliation and random
dispersion of MXene nanosheets within the CMC-Na network during aerogel
fabrication, which effectively destroys the intrinsic long-range layered order of pristine
MXene. Overall, the SAED results further corroborate the XRD analysis, collectively

revealing the unique structural characteristics of the composite aerogel.



AMC2 Au 4f

83.47 eV

Intensity (a.u.)

88 86 84 82
Binding energy (eV)

Figure S6. High-resolution Au 4f XPS spectra of AMC2 aerogel.
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Figure S7. The TG curves of AMCO0-AMCA4.
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Figure S8. Adsorption energies of the AMCO sensor for different gases.

Figure S9. Images of the AMC aerogel before and after compression.

Note: A static uniaxial compression test was performed on the AMC aerogel, which
was compressed to 50% of its original height at a compression rate of 10 mm-min™*
followed by the cessation of loading. Upon unloading, the aerogel achieved a complete
structural rebound and recovered to its initial original height, exhibiting excellent

mechanical compression recovery performance.
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Figure S10. Response curves of aerogel under different compression levels to 100 ppm
TMA.

Note: The response-recovery curves of the AMC aerogel were recorded under
compressive strains from 0 to 40%. Even when subjected to a compressive strain of
40%, the aerogel still retains 83% of the response value compared with the
uncompressed aerogel, demonstrating stable sensing performance under mechanical

compression.
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Figure S11. Activation energy (E,) of the AMC?2 aerogel and the pristine sample

(AMCO).
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Figure S12. High-resolution O 1s XPS spectra of MXene, AMCO, and AMC2

aerogels.
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Table S1. Specific surface areas of AMC aerogels.

Material AMCO AMCI1 AMC2 AMC3 AMC4

BET surface area
9.01 12.85 19.91 1.23 1.00

(m*-g)

Table S2. The comparison of TMA sensing performance between the AMC aerogels

and previously reported sensors.

Response
Response/ Operating
Sensing Detection (IR;=R4I/R,)/
Recovery  Selectivity temperature Ref.
materials  limit (ppm) Concentration
time (s) (°C)
(ppm)
Rh/ZnO 1 11.3/10 63/106 1.22 180 6
AuCu@
1 42.8%/20 8/14 1.72 150 7]
CUF6204
Ti3C, Ty Pristine
5 26.2%/100 387/682 1.73 RT
aerogel sample
Au/ZnO 0.5 50/10 12/127 2 250 (8]
Au@Pt-a-
1 32/100 5/74 2.32 150 ]
F6203
Au/WO; 0.5 217.72/25 8/6 2.63 300 [10]
This
This work 5 90.7%/100  40.2/162.8 3.88 RT
work
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