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Note S1 Synthesis of TiC precursors
To examine precursor-driven defect engineering in MAX phases and MXenes, TiC precursors were synthesized from TiO2 using a high-energy ball milling-assisted carbothermal reduction approach [S1]. In this process, the TiO2/graphite powders mixture were subjected to high-energy milling in a planetary mill (Pulverisette 5, Fritsch, Germany) with tungsten carbide-cobalt (WC-Co) balls (6 mm diameter) in a stainless-steel bowl at a ball-to-powder weight ratio of 40:1, operating at 200 rpm for 20 hours. During high-energy milling, powders undergo continuous and intense mechanical impacts caused by high-speed rotation and frequent collisions between milling balls. This process is critical for grain refinement and facilitating solid-state reactions. Subsequently, the milled powders were subjected to heat treatment at 1500 °C for 3 hours under vacuum (6.7 × 10-3 Pa) to facilitate carbide formation via carbothermal reduction, resulting in the production of TiC precursor powders (Fig. S1). The carbothermal reduction occurs through multiple intermediate phases (Equations S1a-e), ultimately leading to the production of sub-stoichiometric TiC (Equation S1): 
[bookmark: _Hlk199940737]4TiO2 (s) + C(s) → Ti4O7(s) + CO(g)				(S1a)
3Ti4O7(s) + C(s) → 4Ti3O5(s) + CO(g)				(S1b)
2Ti3O5(s) + C(s) → 3Ti2O3(s) + CO(g)				(S1c)
Ti2O3(s) + C(s) → 2TiO(s) + CO(g)				(S1d)
TiO(s) + (2-2x-y)C(s) → Ti(C1-x-yOx□y)(s) + (1-x)CO(g)	(x, y<1) (S1e)
----------------------------------------------------------------------------------------
TiO2 + (3-2x-y)C → Ti(C1-x-yOx□y)(s) + (2-x)CO(g) (x, y<1)	(S1)
Graphite acts both as a reducing agent and as the carbon source in the synthesis of TiC. If the reduction is incomplete, Ti(C1-x-yOx□y) containing substitutional oxygen (SO), carbon vacancies (VC), and titanium vacancies (VTi) is formed. Achieving optimal contact between TiO2 and graphite powders is essential to reduce activation energy and limit the formation of these defects. High-energy ball milling for 20 hours effectively reduces particle size, enables uniform carbon coating, and supports the synthesis of defect-minimized TiC (Fig. S1).
High-energy ball milling induces severe plastic deformation in the crystal lattices of TiO2 and graphite powder mixtures, leading to amorphization. This structural disorder facilitates the release of oxygen ions from TiO2 and activates carbon diffusion pathways, thereby lowering the activation energy of the overall carbothermal reduction reaction. As a result, an environment favorable for oxygen removal at lower temperatures can be achieved.
During the high-energy ball milling process, the particle size of the powders is significantly reduced, and graphite becomes uniformly coated on the surface of TiO2 particles, enhancing the interfacial contact between TiO2 and carbon. This microstructural interaction improves reaction homogeneity, enabling the synthesis of defect-suppressed TiC without residual carbon. Furthermore, by controlling the amount of carbon introduced, the defect density within the TiC lattice can be effectively controlled.
Carbon content was systematically varied by controlling the TiO2:graphite weight ratios to 1:2.4 (TiC–1), 1:2.7 (TiC–2), and 1:3.1 (TiC–3), corresponding to carbon-deficient to C-rich conditions (Table S1). The theoretical stoichiometric ratio for TiC synthesis from TiO2 and graphite is 1:3 (Equation S1). While excess carbon is effective in minimizing oxygen incorporation, a deficiency in carbon promotes the formation of SO and VC defects.
The prepared mixtures were subjected to ball milling in a planetary mill (Pulverisette 5, Fritsch, Germany) at 200 rpm for 20 hours under an inert atmosphere. This was followed by carbothermal reduction at 1500 °C for 3 hours under vacuum (6.7 × 10−3 Pa), resulting in the production of TiC precursor powders (Figs. 1b and S1) [S2].
XRD measurements verified the rock salt structure for all samples, with (111), (200), and (220) diffraction peaks corresponding to JCPDS No. 31-1383. Importantly, the (200) peak was observed to shift towards lower 2 angles with increasing carbon content, indicating expansion of lattice parameters and enhanced stoichiometry due to reduced oxygen substitution (inset of Fig. 1b, Table S1).
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AI-generated content may be incorrect.] Fig. S1 Schematic illustration displaying TiC synthesis by high-energy milling-assisted carbothermal reduction
[bookmark: _Hlk218150275][bookmark: _Hlk218590812] 
Table S1 Synthesis parameters and defect features of TiC precursors
	 Sample
	Reactant feeding ratio
	Atomic composition formulae
	Lattice constant
	Defects

	 
	TiO2
	C
	 
	a (Å)*
	VC
(%)
	SO
(%)
	VTi
(%)
	Lattice strain (ε)  (%)† 

	TiC-1
	1
	2.4
	Ti(C0.662O0.116□0.222)
	 4.3078
	11.1 ± 0.12
	5.8 ± 0.17
	0.48 ± 0.31
	-0.51

	TiC-2
	1
	2.7
	Ti(C0.870O0.028□0.102)
	 4.3133
	5.1 ± 0.21
	1.4 ± 0.11
	 0.37 ± 0.23
	-0.39

	TiC-3
	1
	3.1
	Ti(C0.904O0.023□0.073)
	 4.3213
	3.65 ± 0.10
	1.15 ± 0.08
	 0.09 ± 0.03
	-0.20


The lattice constant values were calculated from *XRD data, and † The negative value indicates compressive lattice strain
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[bookmark: _Hlk217336700]Fig. S2 HAADF-STEM and Fast Fourier Transform (FFT) pattern for synthesized TiC-1, TiC-2, and TiC-3. Titanium vacancies are marked by red circles (Scale bars 2 nm) 
[bookmark: _Hlk218606402] Note S2 Synthesis of Ti3AlC2 MAX phases
Ti3AlC2 MAX phases with different defect levels (Ti3AlC2–1/2/3) were synthesized by utilizing TiC precursors (TiC–1/2/3) with controlled defects. The formation of the MAX phase proceeds according to the reaction:
                                                  (S2)
[bookmark: _Hlk200465832]For synthesizing Ti3AlC2–1/2/3, TiC–1, –2, or –3 was combined with Ti and Al at a molar ratio of 2:1:1 (Table S2). To further reduce the defect concentration, Ti3AlC2–4 was produced using TiC-3 precursor with excess Al in a 2:1:2.2 molar ratio, in which molten aluminum facilitates enhanced atomic diffusion during sintering and inhibits the formation of vacancy and oxygen substitution defects, resulting in a product with greater crystallinity [S3].  In contrast, Ti3AlC2-5 MAX phase was synthesized from the most defective TiC-1 under the same excess Al condition (TiC:Ti:Al = 2:1:2.2). This sample exhibited a low yield (57.3%) due to the formation of significant Al2O3 and intermetallic TiAl3, and showed significantly higher lattice strain (ε = -0.62 along the c axis, and -0.15 along a axis) compared to Ti3AlC2-4 (Fig. S5). These results suggest that a high defect density in the TiC precursor hampers the formation of high-quality MAX phase, even under Al-rich conditions. Therefore, both a high-quality TiC precursor and excess aluminum are critical for achieving a well-crystallized high-quality MAX phase. 
The precursor powders were ball-milled for 12 hours at 100 rpm, compacted into Ø50 mm disks (4000 psi), and sintered at 1450 °C for 3 hours in an argon atmosphere. The resultant MAX phase blocks were then crushed and sieved (270-mesh, 53 µm pore size) to acquire fine MAX powders. XRD analysis confirmed successful synthesis of Ti3AlC2 MAX phases as evidenced by the presence of characteristic peaks [(002), (004), (101), (103), (104), (105), (106), (107), (108), (109), (110), and (1011), etc.], consistent with JCPDS file No. 52-0875 (Fig. 1c) [S4].
[bookmark: _Hlk218606477]For Ti3AlC2-4, TiC-3 was used where the 3.1 mol of carbon was introduced under carbon-rich conditions, corresponding to an excess carbon content of approximately 1.0 wt.%. Despite this carbon-rich environment, the measured free carbon content in the resulting TiC precursor was below 0.02 wt.%. Likewise, the synthesized Ti3AlC2 contained less than 0.03 wt.% free carbon. These results confirm that residual carbon is negligible and does not contribute meaningfully to the observed structural or property variations. 
The synthesized MAX phases were washed in 9M HCl for 4 h. After acid washing, Ti3AlC2/HCl mixture was neutralized and purified with deionized water until a neutral pH was reached. The neutralized MAX powder was then dried in a vacuum oven at 80 °C for 6 h and subsequently sieved through a 400 mesh (40 μm) sieve. The washed, dried and sieved Ti3AlC2 MAX phase was subjected to etching to obtain the corresponding MXenes [S3].
[image: A collage of images of different shapes and sizes
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 Fig. S3 SEM images of MAX phases: (a) Ti3AlC2–1, (b) Ti3AlC2–2, (c) Ti3AlC2–3, and (d) Ti3AlC2–4
[bookmark: _Hlk218150322][bookmark: _Hlk218590918] Table S2 Synthesis parameters and defect characteristics of Ti3AlC2 MAX phases
	
Designation
	TiC utilized
	Molar feed ratio of reactants
	Atomic composition formulas
	
	Structural defects

	 
	 
	TiC
	Ti
	Al
	 
	Lattice constants a, c (Å)*
	VC
(%)
	SO
(%)
	VTi
(%)
	Lattice strain (ε) (%)† 

	[bookmark: _Hlk217764561]Ti3AlC2-1
	TiC-1
	2
	1
	1
	Ti3Al(C1.345O0.378□0.277)
	a:3.0607
c:18.4991
	4.61 ± 0.18
	 6.3 ± 0.36
	 0.54 ± 0.2
	a:-0.30
c:-0.65

	Ti3AlC2-2
	TiC-2
	2
	1
	1
	Ti3Al(C1.638O0.160□0.202)
	a:3.0637
c:18.5518
	3.36 ± 0.11
	2.67 ± 0.11
	 0.39 ± 0.17
	a:-0.21
c:-0.37

	Ti3AlC2-3
	TiC-3
	2
	1
	1
	Ti3Al(C1.750O0.076□0.174)
	a:3.0673
c:18.5651
	2.9 ± 0.09
	1.27 ± 0.07
	 0.22 ± 0.12
	a:-0.08
c:-0.29

	Ti3AlC2-4
	TiC-3
	2
	1
	2.2
	Ti3Al(C1.797O0.036□0.167)
	a:3.0673
c:18.5931
	 2.78 ± 0.07
	 0.6 ± 0.02
	0.06 ± 0.03
	a:-0.08
c:-0.14

	Ti3AlC2-5
	TiC-1
	2
	1
	2.2
	NA
	a:3.0653
c:18.5039
	NA
	NA
	NA
	a: -0.15
c:-0.62


*The lattice constant values are determined from XRD analysis.
†The negative sign denotes compressive lattice strain.
[image: ]
 Fig. S4 HAADF-STEM images, and Fast Fourier Transform (FFT) pattern for synthesized (a) Ti3AlC2–1, (b) Ti3AlC2–2, (c) Ti3AlC2–3, and (d) Ti3AlC2–4 (Scale bars 2 nm). Titanium vacancies are indicated by red circles

[image: ]
[bookmark: _Hlk217761941] Fig. S5 (a) XRD spectra of Ti3AlC2–4, and Ti3AlC2–5 MAX phases. Rietveld refinement of XRD spectra of (b) Ti3AlC2–4, and (c) Ti3AlC2–5. (d) Extracted lattice constants and phase fractions of Ti3AlC2–4, and Ti3AlC2–5 MAX phases. The most defective TiC, and excess Al conditions was used for synthesis of Ti3AlC2–5. Ti3AlC2–5 was synthesized using a highly defective TiC–1 precursor and excess Al. Rietveld refinement reveals that this sample contains substantial impurity phases, including TiAl3, TiC, and Al2O3, with the Ti3AlC phase accounting for only 57.3%. Despite the use of excess Al, the lattice strain in Ti3AlC2–5 remains comparable to that of Ti3AlC2–1 synthesized from the same defective TiC–1 precursor under stoichiometric Al conditions, indicating that excess Al does not effectively mitigate lattice defects when the TiC precursor exhibits a high defect density. This limited effectiveness is attributed to the preferential reaction of excess Al with oxygen associated with the defective TiC precursor, leading to the formation of a significant amount of Al2O3 and thereby reducing the Al available for MAX phase formation. As a result, a higher fraction of unreacted TiC remains, which contributes to increased lattice defects in the Ti3AlC2 phase. These results highlight that a low-defect TiC precursor is essential—even under Al-rich conditions—for the synthesis of high-purity, low-defect MAX phases.
[bookmark: _Hlk217337391][bookmark: _Hlk217337661]Note S3 Synthesis of Ti3C2Tx MXenes
[bookmark: _Hlk217337646]Ti3C2Tx–1/2/3/4 MXenes were synthesized using a modified minimally intensive layer delamination (MILD) method [S5], involving the selective removal of aluminum from the parent Ti3AlC2 MAX phase. In a typical procedure, 1.6 g of LiF was dissolved in 20 mL of 9 M HCl, followed by the addition of 2 mL of HF. The introduction of a small amount of HF into the LiF–HCl etching system was intended to enhance etching efficiency and increase the yield of single- to few-layer MXene. Specifically, the addition of HF (2 mL per 1 g of MAX phase) accelerates Al removal, resulting in an approximately 10% increase in MXene yield while maintaining controlled etching conditions. Subsequently, 1 g of Ti3AlC2 MAX powder was slowly added to the etchant under continuous stirring, and the reaction was carried out at 35 °C for 24 h. After etching, the resulting dispersion was repeatedly washed and centrifuged (5000 rpm, 7 min) with deionized water until the supernatant reached a pH of 5–6, ensuring effective removal of residual acids and reaction by-products. Prior to the final collection step, a brief vortex-shaking treatment (90 s) was applied before the last centrifugation cycle to gently disrupt restacked flakes. This mild mechanical agitation facilitated the conversion of some multilayered particles into single- and few-layer MXene without the need for bath sonication. Single-layer Ti3C2Tx flakes were then collected by a final centrifugation step (5000 rpm, 5 min) for subsequent characterization. This procedure yields high-quality Ti3C2Tx MXene with minimal impurity content and a well-preserved layered structure. The synthesis yields of Ti3C2Tx–1/2/3/4 were approximately 56%, 60%, 53%, and 45%, respectively.
 Note S4   Calculation of lattice parameters and lattice strain of TiC precursors, Ti3AlC2 MAX phases, and Ti3C2Tx MXenes
The crystal structures of TiC precursors, Ti3AlC2 MAX phases, and Ti3C2Tx MXenes were analyzed by XRD using a SmartLab instrument (9 kW, Rigaku, Japan) with monochromatic Cu-Kα radiation (λ = 1.5418 Å). Si powder (SRM640D, NIST, USA) was employed as an external standard. The measurements were performed in step-scan mode (0.01° step, 5 s per step), and lattice parameters were extracted by Rietveld refinement using the FullProf program integrated with WinPLOTR. A pseudo-Voigt function was applied to refine the scale factor, zero shift, unit cell, and profile parameters [S6].  
For TiC with a rock-salt-type structure (Fm–3m), the lattice parameter (a) and lattice strain (ε) were evaluated from the (002) plane as follows:
,  ,                                             (S3)

For Ti3AlC2 with hexagonal P6₃/mmc symmetry, lattice parameters (a and c) and respective lattice strains (ε1 and ε2) were determined from the (002) and (104) planes as follows:
,                                        (S4)
,                                         (S5)
                                                                     (S6)
[bookmark: _Hlk199453404],  
For Ti3C2Tx MXenes, the lattice parameter (a) and lattice strain (ε) were deduced from SAED patterns using the (200) and (110) planes as follows: [image: ]
                                        (S7)
                                       (S8)
                                                                     (S9)
, and 
 Note S5 Quantification of VC, SO, and VTi in-plane defects 
In-plane lattice defects, including carbon vacancies (VC) and oxygen substitutions (SO), in non-stoichiometric TiC and Ti3AlC2 were quantified using carbon elemental analysis, and oxygen elemental analysis respectively. Molar quantities were normalized to 1 mol of Ti for TiC and 3 mol of Ti for Ti3AlC2, according to their ideal stoichiometries.
For TiC (ideal Ti:C = 1:1), carbon and oxygen contents measured in wt.% were converted to molar quantities ( and ), which were then used to calculate defect concentrations as follows:
Oxygen substitution ():          		 (S10)
Carbon Vacancy (): 	 	(S11)

For Ti3AlC2 (Ideal Ti:Al:C = 3:1:2), with measured  and :
Oxygen substitution ():		 	(S12)
Carbon Vacancy (): 	 	(S13)

Titanium vacancies (VTi) were quantified via atomic resolution HAADF-STEM. The numbers of Ti atoms and absent Ti lattice sites were assessed across multiple images for statistical reliability. The VTi concentration is defined as the in-plane defect and was calculated as follows:
                                   (S14)
For comparative analysis, Ti edge defects (edge-site Ti dangling atoms) in Ti3C2Tx MXene were estimated based on flake geometry. Edge Ti atoms are recognized as the predominant lattice defects and serve as active sites for oxidative degradation. By assuming a circular flake geometry and employing an average lateral size (diameter d), the number of Ti edge atoms per layer was estimated as:
                                     (S15)
Total Ti atoms per flake were calculated by dividing the flake area by the area attributed to a single Ti atom and multiplying by 3 (for three layers). The percentage of Ti edge atoms was subsequently determined as:
                                     (S16)
[bookmark: _Hlk197901263]The Ti edge defect percentage was consistently minimal (~0.01%) for all samples, independent of MXene type, which is attributed to the comparable lateral dimensions of the MXene flakes that measured approximately 3 to 5 µm (Fig. 1k).
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 Fig. S6 SEM images and particle size distribution for MXene flakes: (a-b) Ti3C2Tx–1, (c-d) Ti3C2Tx–2, (e-f) Ti3C2Tx–3, and (g-h) Ti3C2Tx–4
SEM images were evaluated using Nano Measurer 2.1 software. The mean flake sizes were 4.02 ± 2.5, 3.91 ± 2.1, 3.75 ± 2.3, and 5.5 ± 2.5 µm for Ti3C2Tx–1, –2, –3 and –4, respectively. Based on flake diameters, the concentration of edge Ti atoms (active edge sites) was estimated to be 0.013%, 0.0147%, 0.0143%, and 0.01% for Ti3C2Tx–1 through –4, respectively, signifying a lower density of edge sites in Ti3C2Tx–4 due to its greater lateral size. Previous etching methods using HF typically yielded smaller flakes (<1 µm) with more edge sites, which have been assumed to promote oxidation; however, the current MILD synthesis method generates larger flakes (~3–5 µm), thereby lessening the impact of edge-site-driven effects. This demonstrates a more substantial role of in-plane Ti vacancies (VTi), which significantly outnumber edge sites and have a pronounced influence on MXene stability and functional properties, although they are frequently underrepresented in existing studies [S7-S9]. Importantly, the concentrations of edge sites in all samples remained close to ~0.01% (Fig. 1k, green spectra), attributed to the comparable lateral dimensions of these flakes.


[image: A collage of images of cells
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 Fig. S7 Transmission electron microscopy (TEM) images of freshly prepared (a) Ti3C2Tx–1, (b) Ti3C2Tx–2, (c) Ti3C2Tx–3, and (d) Ti3C2Tx–4 MXene flakes, along with corresponding SAED patterns presented in the insets. The observations confirm that all samples are monolayer structures, exhibiting smooth surfaces, distinct edges, and a well-resolved hexagonal lattice (Scale bars in SAED pattern is 10 nm-1)
[bookmark: _Hlk218150402][bookmark: _Hlk218591017] Table S3 Synthesis parameters and defect characteristics of Ti3C2Tx MXenes
	[bookmark: _Hlk218150384]Name
	TiC Utilized
	MAX Phase Utilized
	Lattice parameter a, (Å)#
	VTi
(%)#
	Lattice strain (ε) %†
	Electrical conductivity
(S cm-1)

	Ti3C2Tx-1
	TiC-1
	Ti3AlC2-1
	a:2.9397
	3.06 ± 0.8
	a:-4.24
	7550

	Ti3C2Tx-2
	TiC-2
	Ti3AlC2-2
	a:2.9613
	1.26 ± 0.62
	a:-3.54
	10200

	Ti3C2Tx-3
	TiC-3
	Ti3AlC2-3
	a:3.0066
	0.90 ± 0.15
	a:-2.07
	13120

	Ti3C2Tx-4
	TiC-3
	Ti3AlC2-4
	a:3.0649
	0.12 ± 0.10
	a:-0.17
	26000


#The Ti vacancies and lattice constants are determined using HAADF-STEM and SAED pattern analysis.
† The negative sign indicates the presence of compressive lattice strain.
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 Fig. S8 ICP analysis results indicating the concentration of dissolved Ti ions in the etching solution utilized for Ti3C2Tx–1/2/3/4
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 Fig. S9 Raman spectra illustrating ID/IG ratio—a metric associated with carbon disorder—was reduced from 0.83 (for Ti3C2Tx–1) to 0.26 (for Ti3C2Tx–4), indicating a decrease in VC and SO concentrations

Note S6 Theoretical analysis of carrier characteristics and electrical conductivity in TiC and Ti3AlC2
Carrier density, effective mass, mobility, and electrical conductivity were determined utilizing Density Functional Theory (DFT) with the Vienna Ab initio Simulation Package (VASP) [S10]. The computational methodology was based on the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within the Generalized Gradient Approximation (GGA), along with Projector Augmented Wave (PAW) pseudopotentials [S11, S12]. The Brillouin zone was sampled with a 12 × 12 × 12 k-point mesh constructed using the Monkhorst-Pack scheme [S13]. Structural relaxation proceeded iteratively until the energy change between steps was below 10⁻⁶ eV and atomic forces were less than 0.01 eV/Å.
Where applicable, Van der Waals corrections were introduced. The carrier density  was evaluated by integrating the product of the density of states  with the Fermi-Dirac distribution function  within the defined energy interval ,+] over the temperature range of 300 ~ 2000 K, where ​ and ​ correspond to the conduction band minimum and the valence band maximum, respectively:
                                              (S17)
The Fermi-Dirac function used for the calculations was:
                                     (S18)
where  is the Fermi energy,  the temperature, and ​ the Boltzmann constant ().
The effective mass  was computed from the second derivative of the energy band edge by applying finite difference methods:
                                                         (S19)
where  is the reduced Planck’s constant (),  represents the energy dispersion relation, and  denotes the second derivative of energy relative to the wave vector .  , and  are the energy values at adjacent k-points, while  is the separation between these points in reciprocal space.
The carrier mobility () was estimated using the following equation:
                                                               (S20)
where  denotes the elementary electron charge (), and  refers to the scattering time. We determined that τ = 3.0 ×  s for Ti3AlC2 and  s for TiC, respectively [S14-S16].
Electronic structures and total energies were evaluated for defect models incorporating both Ti and C vacancies (□) as well as oxygen substitutions (O) in TiC and Ti3AlC2: (Ti1-x□x)C, Ti(C1-x□x), Ti(C1-xOx), (Ti3-x□x)AlC2, Ti3Al(C2-x□x), and Ti3Al(C2-xOx) for x=0, 1%, 2%, 3%, and 5%. The simulations employed 72- and 144-atom supercells to provide a statistical representation. The geometry optimization process involved complete relaxation of both lattice parameters and atomic positions at 0 K and 0 Pa.
Electrical conductivity tensor components () were evaluated using the BoltzTrap code [S17], which numerically solves the semi-classical Boltzmann transport equation within the constant-relaxation-time approximation. Electrical conductivity was defined as follows [S17, S18].
    		(S21)
where  represents the carrier charge,  denotes the number of k-points,  indicates the unit cell volume,  is the band energy,  represents the Fermi–Dirac distribution function,  refers to the relaxation time,  is the group velocity of the charges, and  corresponds to the delta function. Since the electrical conductivity is calculated as  in the BoltzTrap code ( = 1 fs), it was necessary to adjust the results using the relaxation time  in order to derive a more realistic value ). [19] τ values of were determined for Ti3AlC2 [S14-S16, S20]. For models containing defects, identical τ values were applied due to the absence of experimental data.
[bookmark: _Hlk218149578][image: ]
 Fig. S10 DFT calculated electrical conductivity of (a–c) TiC, and (d–f) Ti3AlC2 as a function of temperature for varying VTi, VC, SO concentrations (0–5%)

 Table S4 Theoretically calculated electronic properties of TiC precursors with varying defect concentrations
	
	Carrier density (cm-3)
	Carrier mobility (cm2 V-1 s-1)

	Defect
	VTi
	VC
	So
	VTi
	VC
	So

	0%
	1.7675E+20
	1.7675E+20
	1.7675E+20
	96.51669
	96.51669
	96.51669

	1%
	9.0506E+19
	1.7143E+20
	1.6378E+20
	81.66353
	87.09237
	91.07950

	2%
	7.8055E+19
	1.671E+20
	1.581E+20
	51.75870
	60.90093
	78.07064

	3%
	7.4634E+19
	1.6285E+20
	1.5221E+20
	50.78927
	60.66491
	77.06494

	5%
	5.7675E+19
	1.5042E+20
	1.4316E+20
	42.06526
	56.58127
	72.06216



 Table S5 Theoretically calculated electronic properties of Ti3AlC2 MAX phases with varying defect concentrations
	
	Carrier density (cm-3)
	Mobility (cm2 V-1 s-1)

	Defect
	VTi
	VC
	So
	VTi
	VC
	So

	0%
	1.2851E+20
	1.2851E+20
	1.2851E+20
	46.34353
	46.34353
	46.34353

	1%
	1.0001E+20
	1.2628E+20
	1.07E+20
	42.43804
	46.50757
	39.06688

	2%
	9.915E+19
	1.2373E+20
	7.1449E+19
	33.79761
	44.76265
	13.38399

	3%
	9.5405E+19
	1.1608E+20
	7.0361E+19
	5.987098
	9.987525
	6.834274

	5%
	8.9675E+19
	9.4466E+19
	5.8472E+19
	3.371191
	5.764634
	2.478029




 Table S6 DFT-predicted electrical conductivities of TiC and Ti3AlC2 MAX phases with varying concentrations of VTi, VC, and SO defects
	
	Calculated conductivity of TiC 
(S cm-1)
	Calculated conductivity of Ti3AlC2 
(S cm-1)

	Defect
	VTi
	VC
	So
	VTi
	VC
	So

	0%
	21408.66
	21408.66
	21408.66
	26540.02
	26540.02
	26540.02

	1%
	16930.89
	14701.7
	17717.38
	20487.61
	22192.81
	19395.53

	2%
	15374.69
	11608.07
	14183.72
	16581.14
	16487.89
	14739.76

	3%
	12203.04
	9201.153
	10262.98
	12865.58
	11606.33
	9925.309

	5%
	11046.89
	6786.222
	6360.599
	9752.791
	8217.759
	4952.256


 Note S7 Thermal conductivity measurement
Thermal diffusivity () was evaluated at room temperature by means of a laser flash apparatus (LFA67). Thermal conductivity () was computed using the following relationship:  
                                                      (S22)
Where ρ denotes the bulk density of the MXene film and Cp represents the specific heat capacity, determined via differential scanning calorimetry (DSC 0214).

 Table S7 Thermal diffusivity and thermal conductivity data of Ti3C2Tx MXenes
	
	Thickness (mm)
	Density
(g cm-3)
	Heat capacity
(J g-1 K-1)
	In-plane thermal diffusivity
(mm2 sec-1)
	In-plane thermal conductivity
(W m-1 K-1)

	Ti3C2Tx–1
	0.008
	2.99± 0.18
	0.83± 0.15
	13.31± 1.00
	33.07

	Ti3C2Tx–2
	0.009
	2.81± 0.23
	0.93± 0.1
	16.46± 0.80
	43.01

	Ti3C2Tx–3
	0.009
	2.95± 0.25
	0.89± 0.09
	17.24± 1.08
	45.29

	Ti3C2Tx–4
	0.010
	3.06 ± 0.13
	0.90± 0.12
	20.70± 1.25
	57.0



 Note S8 Infrared emissivity measurement
Emissivity (ε) was determined in accordance with Kirchhoff’s law: 
                                                     (S23)
Where, R corresponds to reflectivity, which was quantified by FTIR spectrometry (JASCO-4700, Japan) using MXene films in the range of 2.5–15 µm at room temperature.
Infrared imaging and temperature data were measured using an IR camera (FLIR A310, FLIR, Sweden). In accordance with the Stefan–Boltzmann law:
P = εT4 	 			(S24)
where P denotes the radiation power per unit area (W m-2),  is the Stefan–Boltzmann constant (5.67×10−8 W m−2 K−4), and T is the surface temperature (K).
The relationship between emissivity and electrical conductivity (or resistivity) is described by the modified Hagen–Rubens relation [S21]:                                         
(S25)

where ρ represents resistivity,  is conductivity, and λ is the IR wavelength. Consequently, higher conductivity leads to lower emissivity.
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 Fig. S11 Infrared emissivity of Ti3C2Tx–1, –2, –3, and –4 MXene films
Note S9 EMI shielding measurement
EMI shielding effectiveness was determined using a two-port network analyzer (ENA5071C, Agilent Technologies, USA) equipped with a rectangular WR-90 waveguide operating in the X-band (8.2–12.4 GHz). Reflection (R), transmission (T), and shielding effectiveness (SE) were calculated based on measured scattering parameters (S11, S22, S21, and S12):
		            		(S26)
			                     (S27)
		             	            (S28)
	                                                         (S29)
		  	                                (S30)
	                                                       (S31)
Here, V and E denote voltage and electric field, respectively. Pr and Pi refer to the reflected and incident power of the electric field for electromagnetic waves. The total shielding effectiveness (SET) at a given single impedance is evaluated by combining the contributions of reflection ( and absorption (.
		                   	                         (S32)
As described by Simon’s formulae, total shielding effectiveness is also dependent on electrical conductivity (σ), frequency (f), and film thickness (d):
                                             (S33)
This relationship suggests that both the reflection shielding component (SER) and the absorption shielding component (SEA) increase as electrical conductivity increases.
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Fig. S12 (a-d) EMI SET, SER, SEA values of Ti3C2Tx–1/2/3/4 in the X-band frequency
 Note S10 Joule heating measurement 
Joule heating behavior was assessed using 1.5 × 2 cm² MXene films attached to copper electrodes. A DC power supply (TOYOTECH-TL305T) supplied voltage to the films while the temperature rise was tracked by a K-type thermocouple connected to a Compact DAQ Chassis (CDAQ-9171, National Instruments) using FlexLogger software (National Instruments) for in situ temperature monitoring.
The heating power density (P, W cm-²) was determined according to Joule’s law:
 P = VI						(S34)
where V and I represent the applied voltage and current, respectively. 
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 Fig. S13 Steady-state surface temperature of Ti3C2Tx–1, –2, –3, and –4 MXene films subjected to a constant applied voltage of 1.5 V during Joule heating
[image: ]
 Fig. S14 Correlation between the square of voltage and power density of Ti3C2Tx–1/2/3/4 MXene films
[image: ]
 Fig. S15 Radiation temperature reductions relative to a 100 °C background, illustrating the IR camouflage effectiveness of Ti3C2Tx films. Higher the radiation temperature reduction higher will be thermal camouflage capability
[bookmark: _Hlk217353685] Table S8 Comparison of the electrical conductivity of Ti3C2Tx–4 MXene with Ti3C2Tx literature reported values
	Year
	Name
	Synthesis conditions
	Conductivity (S cm-1)
	Refs.

	2014
	Ti3C2Tx
	10 ml of 50.0 wt.% HF 18 h at RT
	2402.4
	 [S22]

	2016
	Ti3C2Tx
	1.6 g LiF + 20 ml 9.0M HCl, 30 h at 50 °C (MILD)
	4665
	 [S23]

	2017
	Ti3C2Tx
	1.0 g LiF + 20 ml 9.0M HCl, 24 h at 35°C
	9980
	 [S24]

	2020
	Ti3C2Tx
	1.6 g LiF + 20 ml 9.0M HCl, 36 h at RT
	10400
	 [S25] 

	2021
	Ti3C2Tx
	HCl, DI water, HF (6:3:1), 24 h at 35°C, Used Al-Ti3AlC2 with excess Al in MAX phase synthesis
	20000
	 [S3]

	2021
	Ti3C2Tx
	1.0 g LiF + 20 ml 9.0M HCl, 24 h at 40°C/continuous N2 flow
	24000
	 [S26]

	2023
	Ti3C2Tx
(1.25Ti:2.2Al:2TiC)
	HF-HCl method
	21000
	 [S27]

	2025
	Defect control Ti3C2Tx
	3ml HF + 1.6 g LiF + 20 ml 9.0M HCl, 24 h at 35°C (Excess C involved during TiC and surplus Al in MAX synthesis)
	26000
	This work



Table S9 Comparison of the thermal conductivity of Ti3C2Tx–4 MXene with previously reported values in the literature
	
	Name
	Thickness
(mm)
	In-plane thermal conductivity (W m-1 K-1)
	Refs.

	MXenes
	Ti3C2Tx
	0.029
	17.55
	[S28]

	
	Ti3C2Tx
	3
	55.8
	[S29]

	
	Ti3C2Tx film
	0.04
	2.45
	[S30]

	
	Ti3C2Tx film
	-
	13.6
	[S31]

	
	Ti3C2Tx film
	0.02
	2.84
	[S32]

	MXene Composites
	MXene/CNF 20%
	0.029
	7.63
	[S28]

	
	MXene/CNF 40%
	0.029
	12.53
	

	
	MXene/CNF 60%
	0.029
	14.93
	

	
	MXene/Epoxy
	0.8
	0.587
	[S33]

	
	MXene/TPU
	0.4
	0.148
	[S34]

	
	MXene/PVA
	0.027
	4.57 
	[S35]

	
	MXene/PDMS (1.07%)
	0.2
	3.89
	[S36]

	
	MXene/CNF (50%)
	0.017
	11.57
	[S37]

	
	Ti3C2Tx MXene/PVA
	3
	47.6
	[S29]

	
	Ti3C2Tx MXene (30%)/ANF
	-
	15.5
	[S38]

	
	Ti3C2Tx MXene (30%)/CNF
	-
	8.84
	[S39]

	This work
	Defect Control Ti3C2Tx MXene
	0.01
	57.50
	


Table S10 Comparison of the IR emissivity of Ti3C2Tx–4 MXene with established literature values
	System
	Name Material
	Thickness (um)
	Emissivity
	Refs.

	Graphene & CNTs
	Graphene
	-
	0.32
	 [S40]

	
	GO
	-
	0.85
	 [S40]

	
	CNTs
	-
	0.76
	 [S40]

	
	Multilayer graphene
	50
	0.32
	 [S41]

	
	Graphene fabric
	100
	0.35
	 [S42]

	Metals
	Ag
	-
	0.049
	 [S40]

	
	Cu 
	-
	0.11
	

	
	Al
	-
	0.072
	

	
	Stainless steel
	-
	0.14
	

	
	Al-SiO2
	0.172
	0.12
	 [S43]

	
	Ag/Ge
	-
	0.31
	 [S44]

	
	Germanium
	0.953
	0.31
	 [S44]

	MXene
	MXene film 
	13
	0.19
	 [S45]

	
	
	29
	0.19
	

	
	
	45
	0.19
	

	
	Ti3C2Tx
	0.2
	0.047
	 [S46]

	
	Ti3CNTx
	0.2
	0.12
	 [S46]

	
	Ti3C2Tx
	10
	0.05
	 [S47]

	
	Ti3C2Tx
	15
	0.17
	 [S48]

	
	Ti3C2Tx 
	7
	0.09
	 [S49]

	This work
	Defect control Ti3C2Tx
	10
	0.05
	



Table S11 Comparison of EMI shielding effectiveness (SET) and electrical conductivity of Ti3C2Tx–1/2/3/4 MXene with previously reported values in the literature
	Category
	Materials
	Thickness (mm)
	Conductivity (S cm-1)
	EMI SE (dB)
	Refs

	MXene
	Ti3C2Tx
	0.014
	14000
	70
	 [S50]

	
	Ti3CNTx
	0.01
	2700
	55
	

	
	Ti3C2Tx
	0.04
	4600
	87
	 [S23]

	
	Ti3C2Tx
	0.0215
	4600
	78
	

	
	Ti3C2Tx
	0.0112
	4600
	68
	

	
	Ti3C2Tx
	0.045
	4600
	92
	

	
	Ti3C2Tx pristine
	0.04
	4500
	83.5
	 [S51]

	
	Ti3C2Tx Heat treated
	0.04
	5225
	93
	

	
	Ti3CNTx pristine
	0.04
	1125
	61.4
	

	
	Ti3CNTx Heat treated
	0.04
	2475
	116.2
	

	Metals
	Stainless steel
	4
	
	89
	 [S52]

	
	Copper
	3.1
	
	90
	

	
	Cu foil
	0.01
	8.0 x 105
	70
	 [S23]

	
	Al foil
	0.008
	2.8 x 105
	66
	 [S23]

	Graphene
	B,N-doped rGO
	1.2
	124
	42
	 [S53]

	
	S-doped rGO
	0.15
	3100
	35.8
	 [S54]

	
	Graphene film
	0.25
	
	17
	 [S55]

	
	Graphene film
	0.05
	1130
	60
	 [S56]

	
	Graphene film
	0.008
	103
	20
	 [S57]

	
	Graphene film
	0.015
	2400
	20.2
	 [S58]

	This work
	Defect control Ti3C2Tx
	0.002
	26000

	62.3
	

	
	
	0.004
	
	69.9
	

	
	
	0.006
	
	76.3
	

	
	
	0.01
	
	90.57
	



[bookmark: _Hlk199508218]Table S12 Comparison of Joule heating saturation temperature of Ti3C2Tx–4 MXene with values reported in previous studies
	Structure
	Sample Name
	Voltage (V)
	Temperature (°C)
	Refs.

	CNTs and Graphene
	Graphene paper
	1.5
	28
	 [S59]

	
	
	2.1
	32.5
	

	
	
	2.5
	37.5
	

	
	
	3.2
	43
	

	
	CNT paper
	1
	29
	This work

	
	
	2
	54.9
	

	
	
	3
	105
	

	AgNWs
	AgNWs network
	4
	55
	 [S60]

	
	AgNWs film
	7
	100
	 [S61]

	
	AgNWs meshes
	7
	100
	 [S62]

	MXene
	Thermocouple values
	0.5
	48
	 [S40]

	
	
	1
	108
	

	
	
	1.5
	201
	

	
	IR Camera values
	0.5
	28.9
	

	
	
	1
	44.5
	

	
	
	1.5
	75.5
	

	This work
	Defect Controlled Ti3C2Tx MXene
	0.5
	59.5
	This work

	
	
	1
	138.3
	

	
	
	1.4
	224
	

	
	
	1.5
	263
	


 Note S11 Oxidation Kinetics of Ti3C2Tx MXenes
UV-vis absorbance spectra of dilute Ti3C2Tx–1/2/3/4 aqueous dispersions (0.02 mg mL-1) were measured over time at 3 °C, 20 °C, and 35 °C (Figs. S16–S18). Fresh Ti3C2Tx dispersions displayed peaks at 250, 320, and 780 nm, while fully oxidized samples showed a pronounced 250 nm peak, indicating TiO2 formation. As oxidation advanced, the 250 nm peak became more intense and the peaks at 320/780 nm weakened [S63-S66]. Among these, Ti3C2Tx–4 samples maintained a dark green appearance as a result of high crystallinity, whereas the other dispersions became whitish, indicating extensive oxidation and TiO2 formation (Fig. 4a) [S67]. 
To assess oxidation kinetics, absorbance at 780 nm was continuously measured and normalized to I/Io, where Io is the initial absorbance and I is the absorbance at each time point.
Exponential decay was observed for all samples, which matched first-order kinetic behavior (Figs. 4c and S19a, b) [S68, S69]: 
  I=Io e-t/τ =Io e-kt                                                                                                             (S35)
Here, t denotes time, τ is the decay time constant, and k is the rate constant. The rate constants for oxidation were higher with increasing temperature and defect concentration (Table S13), [70] supporting the conclusion that lattice defects serve as reactive centers that enhance Ti oxidation and TiO2 formation [S71-S73].  
Activation energies (Ea) for Ti3C2Tx–1/2/3/4 were estimated by plotting ln k against 1/T in Arrhenius coordinates, with linear fitting resulting in the following slopes (Fig. 4d,e):
ln k = ln A – Ea/RT					(S36)
where A represents the pre-exponential factor, R is the gas constant, and T is the absolute temperature [S70]. 
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 Fig. S16 UV-vis absorbance spectra for (a) Ti3C2Tx–1, (b) Ti3C2Tx–2, (c) Ti3C2Tx–3, and (d) Ti3C2Tx–4 monitored over time at 3 °C
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[bookmark: _Hlk217398102] Fig. S17 UV-vis absorbance spectra of (a) Ti3C2Tx–1, (b) Ti3C2Tx–2, (c) Ti3C2Tx–3, and (d) Ti3C2Tx–4 tracked over time at 20 °C
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 Fig. S18 UV-vis absorbance spectra for (a) Ti3C2Tx–1, (b) Ti3C2Tx–2, (c) Ti3C2Tx–3, and (d) Ti3C2Tx–4 recorded at different time points at 35 °C
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 Fig. S19 Normalized absorbance intensity at 780 nm for Ti3C2Tx–1, –2, –3, and –4 MXene aqueous dispersions at (a) 20 °C and (b) 35 °C. Dashed lines indicate fitting to a first-order exponential decay model
 Table S13 Oxidation rate constants for Ti3C2Tx–1/2/3/4 MXene aqueous dispersions measured at different temperatures
	Summary of rate constants

	Temperature
(°C)
	Ti3C2Tx-1
	Ti3C2Tx-2
	Ti3C2Tx-3
	Ti3C2Tx-4

	
	k (day -1)
	k (day -1)
	k (day -1)
	k (day -1)

	3
	0.07032
	0.015048
	0.00517
	0.000217

	20
	0.2516
	0.04139
	0.0168
	0.000850

	35
	0.6601
	0.07203
	0.0481
	0.00530


[image: ]
[bookmark: _Hlk218343689] Fig. S20 (a) UV–vis spectra of concentrated Ti3C2Tx–4 MXene dispersions (8 mg mL⁻¹) in both fresh and aged forms after 120 days of ambient storage. Inset: Images of fresh and aged dispersions. (b) TEM micrograph of Ti3C2Tx–4 flakes after 120 days of aging and their respective high-resolution image indicating that TiO2 nanoparticles are sparsely formed and are hardly observed even after 120 days of storage underscoring its excellent oxidation resistance of the Ti3C2Tx–4 MXene samples
[image: ]
 Fig. S21 (a) Digital photos, (b) SEM micrographs, and (c) XRD patterns of MXene films synthesized from the dispersion at varying normalized 780 nm peak intensities (I/Io), reflecting different stages of oxidation. With increasing oxidation, the (002) MXene peak diminishes and TiO2 (101) and (200) peaks become more pronounced
[image: ]
 Fig. S22 (a) Electrical conductivity, (b) thermal conductivity, (c) EMI shielding, and (d) Joule heating saturation temperature of MXene films as functions of normalized 780 nm peak intensity (I/Io)
[image: ]
 Fig. S23 (a) Electrical conductivity, (b) thermal conductivity, (c) Joule heating temperature, (d) EMI shielding effectiveness, and (e) IR shielding efficiency of films produced from both fresh and 120-day-aged concentrated (8 mg mL-1) Ti3C2Tx–4 dispersions stored at room temperature. The aged films maintain >97% of electrical conductivity, >95% of thermal conductivity, >93% of Joule heating, 98% of EMI shielding, and 98% of IR shielding, confirming outstanding long-term performance.
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