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Fig. S1 XRD patterns of MXene nanosheets synthesized under different etching
conditions. (a) TizAl(Co7No3)2 MAX phase etched at a MAX:HCI:LiF ratio of 1 g : 60
mL : 1.89 gat 40 °C for 3, 6, 9, and 12 h. (b) TizAl(CosNos)2 MAX phase etched under

the same concentration ratio and temperature for 8, 6, 4 : 30, 3 : 30, and 3 h. After
etching and drying, all samples were analyzed to assess phase purity and identify

possible impurities.
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Fig. S2 XRD patterns of (a) TizAl(Co7No3), powder and Ti3(Co7No3)2Tx MXene film after 12

h etching, along with the observed Tyndall effect and (b) TizAl(CosNos); powder and
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Ti3(CosNos)aTx MXene film after 3 h etching, along with the observed Tyndall effect.
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Fig. S3 FE-SEM images and corresponding elemental mapping of (a, b) TizAl(Co7No3);

MAX phase powder and (c, d) Ti;Al(CosNos)2 MAX phase powder.
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Fig. S4 Elemental mapping of Ti3(Co7No3)2Tx MXene films etched for (a) 12 h and (b) 9 h.
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Fig. S5 Elemental mapping of Ti3(CosNos)aTx MXene films etched for (a) 3 hand (b)

3:30 h.

(Fig. S3) illustrates the images and elemental mapping of TizAl(Co7Nos)2 and
TizAl(CosNos)2 MAX phase obtained through EDS. The MAX phase samples exhibit a
homogeneous distribution of all constituent elements across the surface of the TizAl(Co7No3),
and Ti3Al(CosNos)2 MAX phase particles. (Fig. S4) illustrates the corresponding elemental
mapping of Ti3(CosNos)2Tx MXene films etched for 12 and 9 h, respectively. (Fig. S5)
illustrates the corresponding elemental mapping of Ti3(CosNos)2Tx MXene films etched for 3

and 3:30 h, respectively. Both optimized MXene films etched for 12 and 3 h exhibit a

homogeneous distribution of all constituent elements across the MXene surface and show the
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highest electrical conductivity among the all MXenes samples. The significantly reduced
aluminum concentration indicates efficient removal of the Al layer during etching.
Furthermore, the presence of surface in the —O, —F, and —Cl from the etching reactions
involving HCI and LiF. The atomic percentages of Ti, Al, C, and N in the TizAl(Co7No3)2 MAX
phase powder were determined to be 38.55, 15.19, 37.78, and 8.48%, respectively (Fig. S3a).
In comparison, the corresponding atomic percentages in the TizAl(CosNos)2 MAX phase

powder were 34.47, 13.36, 32.19, and 19.98%, respectively (Fig. S3b). The higher nitrogen

TizAl(Co5No5) phase reflects the intended compositional adjustment and

content in the
confirms successful nitrogen incorporation into the MAX structure.! The atomic percentages
of Ti,C, N, O, F, Cl, and Al in the Ti5(Co7No3)2Tx MXene film etched for 12 h were determined
to be 34.97, 27.06, 3.70, 17.11, 13.55, 2.64, and 0.97 at.% (Fig. S4a). In comparison, the
corresponding atomic percentages in the Tiz(CosNos)2Tx MXene film etched for 3 h were
25.52, 24.16, 8.69, 19.33, 19.25, 2.29, and 0.76 at.% (Fig. S5a). The higher nitrogen and
fluorine contents in ! 3(Co7N03)2Tx etched for 12 h and T%3(CosNos)2Tx etched for 3 h, suggests
more effective surface functionalization during etching, while the reduced titanium and

carbon content reflects the changes in stoichiometry and surface termination introduced by

the different etching durations and compositions.> 3

Specifically, systematic optimization studies supported by XRD, EDS, and elemental
mapping analyses. For Ti3Al(Cy 7Ny 3),, shorter etching times (e.g., 9 h) resulted in incomplete
removal of the Al layer, as evidenced by residual MAX phase peaks in XRD and non-uniform

elemental distribution in EDS mapping. In contrast, 12 h etching led to complete suppression



of MAX phase reflections, a characteristic shift of the (002) peak to lower angles, and

homogeneous elemental distribution, confirming successful MXene formation.

For Ti;Al(CysNys),, complete phase transformation was achieved within 3 h due to
relatively faster etching kinetics associated with higher nitrogen content. Prolonged etching
(e.g., 3.5 h) did not further improve phase purity and showed indications of structural
degradation. Corresponding EDS and elemental mapping results confirmed efficient Al
removal and uniform composition at 3 h. Therefore, the selected etching times represent

optimized conditions for achieving complete etching while preserving structural integrity.

Table. S1 Electrical conductivity, Thickness, Density and electromagnetic interference
shielding performance of Tig(C1_yNy)pTy (v =0.3,0.5) MXenes, C:P, and M,/C:P composite

films.

Sample Electrical Thickness Theoretica Experiment Porosity SE SSE/t (dB
conductivity (nm) 1 Density al Density % (dB) cm? gl)

6 (Sm') (g cm™) (g cm)
Tis(Co7Nos) T 295148.70 £ 3200 5 3.80 2.79 26.6 55.72  39942.65
Tis(CosNos)Tx  233495.40 £ 2700 5 3.60 2.43 32.5 48.22  39687.24
C:P 26112.80 £ 629 13 1.88 1.06 43.60 35.37  25667.63
M, ,/C:P10 90803.76 T 611 9 3.62 2.15 40.58 42.18 30565.22
M, ,/C:P20 76087.26 £ 531 9 3.43 2.03 40.94 45.03  33281.59
M, ,/C:P30 57476.72 £ 512 10 3.25 1.87 42.57 36.12  27572.52
M, ,/C:P40 45969.40 * 488 11 3.07 1.71 4438 34.65 26923.07
M, s/C:P10 78804.69 £ 587 9 3.43 1.98 42.42 39.10  27096.33
M, s/C:P20 64707.66 £ 523 10 3.27 1.85 43.55 4193  29362.74
M, s/C:P30 48388.85 T 478 10 3.11 1.71 45.12 35.04 25082.32
M, .5/C:P40 40412.66 £ 411 11 2.95 1.59 46.18 32.37  23456.52

SE: shielding effectiveness; SSE/t: specific shielding effectiveness.
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Fig. S6 XPS spectra of full-range spectrum and high-resolution spectra of (a, b) Ti, C, O,

and N for Ti3(C1-yNy)2T, (7 =0.3,0.5) N rXene films, (¢) C, O, and N for CNT:PANI film.
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Fig. S7 XPS spectra of full range spectrum and high-resolution energy spectra (Ti, C, O, N)

of (a) My 7/C:P10, (b) M, ;,/C:P40, (c) M, s/C:P10, and (d) M, 5/C:P40 composite films.

Table. S2 The XPS peak fitting and assignment of the Ti3(Cy_yN))pTy (¥ = 0.3,0.5) NXenes

films and C:P film.

BE (eV)



Region Ti3(CosNya)2 Ty Assigned to Region Ti3(Cy.sNos). Ty Assigned to Region C:P Assigned to Ref.

Ti 456.0 (461.4) TiC(N) Tizps, 4561 (461.3) TiC(N) . . 4
2p32 4592 (464.4) Ti-0 @pua) 458.8 (464.1) Ti-0 . . 4
(2p12)
282.1 TiC(N) 281.7 TiC(N) 284.9 c-C 4
Cls 284.8 c-C Cis 284.8 c-C Cils 2853 C-N 4
285.6 C-0-C 285.6 C-0-C 286.0 C-0-C 4
288.7 c=0 288.7 c=0 2902 c=0 4
5303 Metal-O 530.1 Metal-O 533.0 c-0-C 4
Ols 5322 C-Ti-OH, Ols 531.6 C-Ti-OH, Ols 534.1 c-0 4
537.1 c=0 4
396.4 TiC(N) 395.8 TiC(N) 396.8 N= 4
N1s 397.1 N-Ti-T, N1s 396.6 N-Ti-T, N1s 400.0 NH-
400.1 N-O-Ti 399.3 N-O-Ti 402.7 N 5.6
401.9 N-TiO, 401.7 N-TiO,

Table. S3 The XPS peak fitting and assignment of the M,/C:P composite films.

BE (eV)
Region M,,/C:P10 M,,/C:P20 M,,/C:P40 M,s/C:P10 M,s/C:P20 M,s/C:P40 Assigned to Ref.
Ti 2psn 456.8 (462.2) 456.7 (461.9) 456.5 (461.6) 456.6 (462.5) 457.1 (462.6) 456.5 (461.6) TiC(N) :
2p1n) 459.7 (465.4) 459.4 (465.2) 459.5 (465.4) 459.8 (465.5) 459.7 (465.5) 459.6 (465.4) Ti-O 4

282.4 2825 282.7 282.9 283.4 282.4 TiC(N) 4
Cls 284.7 284.7 284.7 284.8 284.7 284.8 c-C 4
285.5 285.3 285.4 285.3 285.3 285.4 C-N 4
286.6 286.4 286.1 285.9 285.9 286.3 C-0-C 4
290.2 290.4 290.2 290.2 290.4 290.3 Cc=0 4
5313 531.1 5313 531.5 5312 531.1 Metal-O 4
Ols 532.8 532.7 5325 532.8 5325 532.6 C-Ti-OH/C-0-C 4
536.3 536.5 536.6 536.5 536.5 536.2 Cc=0 4
395.9 396.6 396.2 396.0 396.4 396.5 TiC(N) 4
Nis 397.1 397.0 397.0 397.2 396.9 397.1 N-Ti-Ty/-N= 4
400.2 400.4 400.3 400.0 400.8 400.3 N-O-Ti/-NH-
401.5 401.4 401.2 402.9 402.4 402.6 N-TiOy/-N*- 5.6

High-resolution XPS analyses of (Fig. S7) were conducted for Ti 2p, C 1s, O 1s, and N

Is regions to further elucidate the bonding environments in the M,/C:P composite films. The
8



Ti 2p spectra reveal peaks corresponding to TiC(N) and Ti—O bonds, while the C 1s spectra
exhibit features associated with TiC(N), C-C, C-N, C-O-C, and C=0 groups. The O 1s
region identifies the presence of Metal-O and C-Ti—OH or C-O-C and C=0 species. Distinct
N 1s peaks in the M,/C:P20 composite films are assigned to TiC(N), N-Ti—T,/~N= (quinoid

amine), N-O-Ti/~NH- (benzenoid amine), and N-TiO,/-N*— (iminium species) 4.
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Fig. S8 EMI properties of Tig(CosN 0-3)2Tx, Tiz(CosNos)aT MXenes, and C:P films in the
frequency range of 8.2—12.4 GHz: (a) SEr, (b) SEg, (c) SE,, and (d) the comparison among
SET, SER, and SEA

(Figs. S8a—d) show the EMI performance of the Ti(CosN 0-3)2TX, Tiz(CosNos)2Tx MXenes

and C:P films in terms of SE1, SE,, and SEg within the X-band frequency range of 8.2-12.4



GHz.® The SEq values of Ti3(Co7No3)2Tx (5572 dB), Ti3(CosNos)2Tx (48.22 dB), and C:P films

(35.37 dB) exceed the minimum SEr requirement of 20 dB for commercial EMI shielding

materials, corresponding to 99.99% attenuation of incident electromagnetic waves.”!!

Tiz(Co7No3)2Tx MXene exhibits the highest SE, and SEg compared to Tiz(CosNos)2Tx MXene

and the C:P films. This indicates that absorption plays a more significant role in the total

shielding effectiveness of Tiz(Co7No3)2Tx films compared with Tiz(Co5Nos)aT MXene,

CNT:PANI, and their composite films.

Table. S4 Summarizes the EMI shielding performance of MXenes and their composites.

Compositions MXene filler (wt%) Density Thickness Conductivity = EMI SE SSE/t Ref.
(@Methods (g cm™) (um) 6 (Sm) (dB) (dB cm? g)

Ti;C,T, 100@VAF 2.39 45.0 480000 92.0 - 10
Ti;CNT, 100@VAF - 40.0 112500 61.4 - 9
Ti;C,T, 100@VAF 2.70 5.0 857000 57.4 - i
Ti;CNT, 100@VAF - 5.0 271200 49.7 - i
Ti;C, Ty 100@VAF 2.33 5.0 432000 56.1 48154.51 2
Ti;C,/Graphene -@SA 0.41 15.0 100081 47.0 - 13
rGO/SWCNTs/PDMS 0.28@BF - 200.0 120.0 31.0 110.70 14
Ti;C,T/PANI 70@VAF - 40.0 2440 36.0 - 15
Ti;C,T/Ni/PVDF 10@SCM 1.65 100.0 19.5 1177 16
Ti;CNT,@/Ni@C 95@VAF - 10.0 190000 40.0 - 17
Ti;C,/PEDOT: PSS 70@VAF 1.94 11.1 34050 42.10 19497.8 18
Ti;C,/PANI/CNTSs 76@V AF - 10.0 43000 49.8 - 19
Ti;C,T,/cellulose/CNT -@VAF 1.26 38.0 2500.10 38.4 8020.0 20
PANI/MXene/CF -@LBL - 55.0 24.57 26.0 135.5 2
MXene/CNF-PPy -@VAF - 5.0 2050.0 45.8 - 2
Ti;C,/PANI/Carbon -@LBL - 142 21.0 - 3
PAN@PPy/Ti;C, 46.78@VDP - 55 2250 32 17534.50 %

Ti3(Cp7No3)2 Ty 100@VAF 2.79 5.0 293799.30 55.72 39942.65 This work

Ti3(CypsNos)2 Ty 100@VAF 243 5.0 233495.40 4822 39687.24 This work

C:p 70:30@VAF 1.06 13.0 26112.80 35.37 25667.63 This work

M, -/C:P20 80@VAF 2.03 9.0 76087.26 45.03 33281.59 This work

M, s/C:P20 80@VAF 1.85 10.0 64707.66 41.93 29362.74 This work
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PANI, polyaniline; rGO, reduced graphene oxide; PDMS, Polydimethylsiloxane; Ni, Nickle; PVDEF,
Polyvinylidene fluoride; C, Carbon; PEDOT, poly(3,4-cthylenedioxythiophene); PSS, polystyrene sulfonate;
C:P, MWCNTs:PANI; VAF, vacuum assisted filtration; BF, backfilling; SA, self-assembly; SCM, solution
casting method, SSLBL, spin spray layer-by-layer; LBL, layer-by-layer; VDP, vapor deposition process.
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