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Broadband and ultrathin electromagnetic interference (EMI)-shielding
materials are crucial for efficient high-frequency data transmission in
emerging technologies. MXenes are renowned for their outstanding electrical
conductivity and EMI-shielding capability. While substituting nitrogen (N) for
carbon (C) atoms in the conventional MXene structure is theoretically
expected to enhance these properties, synthesis challenges have hindered
progress. Here, it is demonstrated that Ti,C/N, ., ; T, MXene films with
optimized N content achieve a record-high electrical conductivity of 35 000 S
cm~! and exceptional broadband EMI shielding across the X (8-12.4 GHz), K,
(26.5-40 GHz), and W (75-110 GHz) bands—outperforming all previously
reported materials even at reduced thicknesses. By synthesizing a full series
of high-stoichiometric Ti, AIC/ N, , ; MAX phases without intermediate
phases, the impact of N substitution on the physical and electrical properties
of Ti,C N, ; T, MXene flakes is systematically explored, achieving complete
composition tunability in both dispersion and film forms. These findings
position Ti,C N, , ; T, MXenes as promising candidates for applications
spanning from conventional lower-frequency domains to next-generation
sub-THz electronics.

transmission at high frequencies has sig-
nificantly increased.l'!!" Traditional lower-
frequency bands, including the X-band (8-
12.4 GHz), are now saturated, prompting
a shift toward developing technologies that
operate in sub-terahertz (sub-THz) high-
frequency bands, such as the K, (26.5-
40 GHz), V (40-75 GHz), and W (75-
110 GHz) bands. These higher frequency
ranges pose severe electromagnetic inter-
ference (EMI) challenges that can result in
data loss, system malfunctions, and poten-
tial health risks,[>3] necessitating novel ma-
terials with superior EMI-shielding capabil-
ities at reduced thicknesses. Current EMI-
shielding materials, such as metals and fer-
rites, are effective only up to ~20 GHz (ref.
[4]). Despite progress in developing high-
frequency EMI-shielding materials that op-
erate at frequencies up to 90 GHz or higher,
their performance remains suboptimal.l’]
Furthermore, these materials tend to be
bulky and rigid, limiting their practical ap-
plications in modern electronics.

2D transition metal carbides and

1. Introduction

Driven by the rapidly growing demand from high-frequency
bands due to the rise of wireless communication, autonomous
vehicles, and system-in-package, the need for efficient data

nitrides (MXenes) exhibit exceptional EMI-shielding capabilities
in the X-band, outperforming other materials at comparable low
thicknesses. In addition to their high performance, MXenes of-
fer advantages such as low density and lightweight characteris-
tics compared to metals.[®’] Since their discovery in 2011, the
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electrical conductivity of MXenes has rapidly developed from
3000 to 20000 S cm™ (refs. [6-10]), reflecting advances in syn-
thetic techniques and material quality. However, their perfor-
mance in sub-THz frequency regimes remains underexplored,
and achieving a high EMI shielding effectiveness (SE) in the X-
band still often requires relatively thick films on the order of tens
of micrometers. Given the direct correlation between electrical
conductivity and EMI SE in MXenes,[®?] further enhancement
of their intrinsic electrical properties is essential. Recent stud-
ies show that structurally and chemically engineered MXenes
can meet the stringent demands of modern electronics by en-
abling optimal EMI shielding through the synergistic integration
of electrical conductivity, absorption, mechanical strength, and
stability.(1112]

Crucially, the physical and electrical properties of MXenes
are inherently linked to their precursor MAX phases, where
M, A, and X denote transition metals, typically Al, and C or
N, respectively.['*-1%] Previous studies attempted to incorporate
N atoms in Ti;C,T, by synthesizing MAX phases or through
ex situ doping because theoretical calculations suggest that N
substitution enhances the physical and electrical properties of
MXenes.l'””"11 However, the synthetic N-substituted MXenes ex-
hibit lower conductivities than Ti,C, T,, likely because of the diffi-
culty in A-layer etching and the presence of intermediate species
that affect the precursor MAX phase quality.l”?22] Achieving a
high-quality X-site solid solution (XSS) MAX phase is particu-
larly challenging owing to the low stability of the nitride MAX
phase and the complexity of intermediate species in the M-A-C-N
quaternary system.!'2>-%] Thus, preparing a high-stoichiometric
XSS MAX phase is essential to produce high-quality XSS MX-
enes, and the effect of N substitution on XSS MXene flakes
and their films is needed to be elucidated for their potential
applications.

In this study, we report a substantial enhancement in the
electrical conductivity of MXene films of up to 35000 S cm™!
through N substitution at the X-site in XSS MAX phases. This
enhancement was attributed to the successful synthesis of high-
stoichiometric XSS MAX phases without the formation of in-
termediate phases and the elucidation of the effects of N sub-
stitution on the physical properties of these phases. With pre-
cisely controlled A-layer etching coupled with a modified syn-
thesis approach over N content, we synthesized the full series
of XSS MXene flakes for Ti;C, N, (x = 0-0.9) and Ti,C; N,
(y = 1.8-3) in both dispersion and film forms. Consistent with
the transfer-matrix simulations, the XSS MXene films with
optimized N content exhibited remarkable EMI SE exceeding
100 dB at reduced thicknesses of only 6-15 pum across a wide
range of frequencies, including X, K,, and W bands, surpass-
ing previously reported materials in terms of EMI-shielding
capability.

2. Results and Discussion

2.1. Role of Nitrogen in XSS MAX Phases

High-stoichiometric XSS MAX phases, specifically Ti;AlC, N,
(x = 0-0.9) and Ti,AlC; N, (y = 1.8-3), were synthesized via
a closed-crucible system that regulated N loss during sinter-

ing (Figure 1a; Figures S1-S5, Table S1, Note S1, Support-
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ing Information for more details). The X-ray diffraction (XRD)
patterns of the full series of XSS MAX phases reveal well-
defined crystal planes, confirming the absence of intermediate
MAX phases, and validating our high-quality synthesis proto-
col (Figure 1b; Figures S4 and S5, Supporting Information).
A distinct miscibility range, defined by an N/(N + C) ratio of
0.5 to 0.55, was identified, signifying a phase transformation
from M;AX, (312-MAX) to M,AX; (413-MAX) with increasing
N content, thereby underscoring the challenge of achieving a
C/N stoichiometry of 1 in MAX phases such as Ti;AlC;N; and
Ti,AIC, 5N 5.

To understand the experimental results for the synthesis of
XSS MAX phases as a function of the N content, we per-
formed density functional theory (DFT) calculations for the for-
mation energies of the 312- and 413-MAX phases (Note S2,
Supporting Information). Several possible combinations of com-
pounds are involved in the synthesis reaction of the XSS MAX
phases that satisfy the stoichiometry of the final MAX phase.
As shown in Figure 1c and Figure S6 (Supporting Informa-
tion), the calculation results for the DFT formation energy de-
scribe the experimental results well, where the 312-MAX phase
was synthesized when C was more abundant than N, and the
413-MAX phase was synthesized when N was more abundant
than C. This also explains the reversal of the synthesis of the
312- and 413-MAX phases when C and N are present in equal
amounts.

The peak shifts in the enlarged XRD patterns were aligned
with N substitution, reducing the unit cell volume owing to
the smaller size of N (Figure S7, Supporting Information).
Specifically, as x increased from 0 to 0.9, the a- and c-lattice
parameters of 312-MAX decreased from 3.084 to 3.048 A
and from 18.646 to 18.395 A, respectively, while as y de-
creased from 3 to 1.8, the a- and c-lattice parameters of 413-
MAX increased from 2.989 to 3.013 A and from 23.397 to
23.444 A, respectively (Figure 1d,e). Particularly, the deviation
between the experimental and calculated values enlarged es-
pecially along c-axis, suggesting a greater contraction in the
unit cell volume than predicted, presumably because of in-
creasing vacancy formation derived from mixed element lattice
disorder.[2+26]

Scanning electron microscopy (SEM) images show the typ-
ical layered structure of the MAX phases with no identifiable
differences between the 312- and 413-MAX phases (Figure 1f),
and energy-dispersive X-ray spectroscopy (EDS) mapping con-
firmed a uniform distribution of each element (Figure S8, Sup-
porting Information). The intensities associated with C and
N strictly followed the trends observed for x and y for 312-
and 413-MAX phases, respectively (Figure 1g). X-ray photo-
electron spectroscopy (XPS) confirmed the successful substitu-
tion of the X element (Figure 1h; Figure S9, Supporting In-
formation). The observed shifts in the binding energies of Ti
2p;),, ranging from 454.8 to 455.2 eV with increasing N con-
tents, are indicative of the formation of Ti-C and Ti-N bonds,
within the MAX phases, reflecting the success of the substitu-
tion process. Likewise, shifts in the binding energies of N 1s,
from 397.2 to 397.4 €V, and C 1s, from 281.8 to 282.1 eV, fur-
ther signify the presence of mixed Ti-C and Ti-N bonds within
the MAX phases, confirming the success of the substitution
process.
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Figure 1. Synthesis and characterizations of XSS MAX phases. a) Schematic illustration and photographs of cold-pressed pellets of XSS MAX phases.
b) XRD patterns of 312- (blue) and 413- (red) MAX phases, and intermediate range (black). Si is used for peak shift calibration. c) Calculated formation
energy of 312- (blue) and 413- (red) MAX phases. d, e) Experimental and calculated a-lattice (left) and c-lattice (right) parameters of (d) 312- and (e)
413-MAX phases. f) Representative SEM images of (i~iii) 413-MAX (Ti,AIC;  N,: y = 1.8, 2.4, and 3.0) and (iv-vi) 312-MAX (Ti3AlC,,N,: x=0, 0.5, and
0.9). Scale bars indicate 10 um. g) EDS spectra of full-series 312- (blue) and 413- (red) MAX phases. h) XPS spectra of Ti 2p, N Ts, C Ts, and Al 2p of 312-

(blue) and 413- (red) MAX phases.

2.2. Effect of N Substitution on the Physical Properties of XSS
MAX Phases

To elucidate the lattice disorder induced by N substitution at X-
sites, the Raman spectra of the full series of the XSS MAX phases
were analyzed (Figure 2a,b). The substitution of X elements
led to notable shifts in vibrational peaks within the high en-
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ergy region of 500 to 700 cm™!, corresponding to the X-element-
dominant vibrational states.?”-?8] Specifically, the w, peak, asso-
ciated with the out-of-plane vibrational mode red-shifted from
657.3 to 648.7 cm™!, while the in-plane vibrational modes, ws,
and wg, peaks, blue-shifted from 625.6 to 638.7 cm™' as the x
value increased in 312-MAX. Moreover, the sharpening of the w,
and w, peaks as x increased from 0 to 0.25 indicates enhanced
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Figure 2. Physical properties of XSS MAX phases. a, b) Raman spectra of (a) 312- and (b) 413-MAX phases. c) Electrical resistivities of (left) 312- and

(right) 413-MAX phases.

lattice order, while their subsequent broadening and disappear-
ance beyond x = 0.5 signify the onset of lattice disorder. For 413-
MAX, the wg,, peaks exhibited significant red shifts and broad-
ening, with new bands emerging at 620 and 660 cm™! as y de-
creased from 3 to 1.8, indicative of lattice symmetry disruption
as the mixed C/N fraction increases.?22% The in-plane vibrational
peaks of ws and w, associated with Ti-Al vibrations blue-shifted
and broadened from 235.4 to 245.7 cm™! as y decreased from 3 to
1.8. Overall, N substitution induces severe internal strain in both
the M-X and M-A layers within the XSS MAX phases (Figure S10,
Supporting Information).

The electrical resistivity of the XSS MAX phases was measured
to further assess the extent of lattice disorder (Figure 2c; Table S2,
Supporting Information). In 312-MAX, the resistivity decreased
from 78.54 + 2.14 t0 45.70 + 0.37 pQ cm up to x = 0.25, which in-
dicates that N substitution enhanced electrical conductivity, pre-
sumably by improving the lattice structure and reducing the elec-
tron scattering. However, as x further increased to 0.9, a sub-
sequent increase in resistivity to 87.61 + 1.58 uQ cm indicates
that excessive N substitution results in lattice disorder, which
impedes electron transport. In 413-MAX, a similar trend was
observed, where the electrical resistivity consistently decreased
from 117.01 + 1.31 t0 65.52 + 1.37 pQ cm as y increased from 1.8
to 3, which indicates a strong correlation between the N content
and the enhanced electrical properties, possibly because of im-
proved lattice uniformity at higher N levels. These results suggest
that the solid-solution content plays a crucial role in modulating
the electrical properties of the XSS MAX phases by influencing
both the lattice order and defect states.

2.3. A-Layer Etching Kinetics of XSS MAX Phases

Theoretical predictions on the feasibility of exfoliation empha-
sized the differences in bonding strengths between the M-A and
M-X layers.['>3% N substitution results in shorter Ti—N bonds
and an increased number of valence band electrons in the Ti—Al
bonds, reducing the bond strength difference between Ti—Al and
Ti—N. This alteration in bonding strength complicates the selec-
tive etching of layer A, thereby intensifying the challenges asso-
ciated with the production of nitride MXenes.[*") To investigate
this effect, the A-layer etching kinetics of the XSS MAX phases
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were systematically studied using a combination of HF and HCI
(Figure S11, Supporting Information). The XRD patterns con-
firmed that the complete conversion of 312-MAX to Ti;C, N, T,
(32-MXene) required 36 h at x = 0, and the conversion time ex-
tended to 48 h as x increased to 0.1. Interestingly, as the N content
further increased to x = 0.9, the etching time gradually decreased
from 36 to 18 h. For 413-MAX, the XRD patterns showed an ab-
sence of Ti,C, N, T, (43-MXene) peaks at y = 2.7 and 3.0, indi-
cating that increased N concentrations hinder 43-MXene forma-
tion (Figure S12, Supporting Information). In contrast, at lower
N contents, the conversion to 43-MXene occurred with an etch-
ing time of at least 60 h. The SEM images of the etched XSS MAX
phases revealed that a higher N content correlated with increased
void formation within the crystal structure (Figure S13, Support-
ing Information).

To quantitatively assess the impact of nitrogen substitution on
defect formation, we defined the etch pit formation rate (EPFR)
and etch pit density (EPD) and measured them for 32-MXene
samples with x = 0, 0.1, 0.25, 0.5, and 0.9 (Figure S14, Support-
ing Information). EPFR represents the ratio of pit-containing par-
ticles to the total number of particles, whereas EPD is defined
as the number of etch pits per unit area within the multilayer
MZXene. We found that samples with x < 0.1 exhibited minimal
defect formation (EPFR ~10-13%, EPD ~3.5-3.8 X 10° cm™?),
whereas both EPFR and EPD increased sharply from x = 0.25
onward, reaching up to #73% and ~2.1 x 10° cm~2, respectively,
atx = 0.9). These observations suggest that N substitution en-
hances the bond strength, thereby reducing the probability of H*
or F~ ion assault on the A-layer, complicating selective A-layer
etching, and facilitating void formation through the M-X layer.
Consequently, the M-X layer dissolved immediately upon A-layer
etching, preventing the preservation of the MXene structure at
elevated N concentrations, specifically at y = 2.7 and 3.0 (Figure
S15, Supporting Information). Moreover, the accelerated conver-
sion at x = 0.9 and y = 1.8 indicates that these voids enhance
A-layer etching by providing etchants with an increased surface
area for interaction (Figure S16, Supporting Information).

To synthesize delaminated 43-MXenes, we modified this
method using LiF, HBr, and LiBr (Figure S17a, Supporting Infor-
mation). The synthesis of void-free nitride MXenes was facilitated
by protecting the exfoliated MXene from the etchant through the
addition of a sufficient amount of Li cations®”! (Figure S17b,
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Supporting Information). The XRD pattern displays clear peaks
at 260 ~4.9°, corresponding to the (002) peak of 43-MXene in
the all y fraction, indicating that the modified synthesis method
can effectively produce MXene via a solution (Figure S18, Sup-
porting Information). XPS analysis confirmed the absence of
Al and revealed -O, -F, and -Br terminations on the 43-MXene
surfacel**! (Figures S19 and S20, Supporting Information). How-
ever, the modified etching process for the synthesis of defect-free
43-MXene needs to be developed considering the presence of a
green supernatant (i.e., dissolved titanium fluoride ions), which
was generated during the etching processi®¥! (Figure S21, Sup-
porting Information). The yields of delaminated XSS MXenes
across the entire composition range—including 32-MXene syn-
thesized via an acid-based method and 43-MXene via a saturated
salt solution—are provided in Note S3 (Supporting Information)
(Figure S22, Supporting Information).

2.4. Effect of N Substitution on the Electrical Properties of XSS
MXenes

Figure 3a presents representative photographs of the synthesized
i) multi-layered XSS MXene (m-MXene) and ii) delaminated XSS
MXene (d-MXene) in both dispersion and film forms. The repre-
sentative atomic force microscopy (AFM) images show the suc-
cessful delamination of MXene into a single layer with an av-
erage thickness of ~1.8 nm for 32-MXene and ~2.7 nm for 43-
MXene (Figure S23, Supporting Information). The characteris-
tic colors of the XSS m-MXene and d-MXene films transition
from purple to brown as the N content increases. Notably, the
color of the d-32-MXene dispersions changes from green to blue-
green as x increases from 0 to 0.5, eventually turning gray-green
at x = 0.9. Similarly, the color of d-43-MXene transitions from
gray-green to dark blue-green as y increases from 1.8 to 3. The
ultraviolet-visible-near infrared (UV-vis-NIR) absorption spectra
revealed the origin of these color changes (Figure 3b). As the
N content increases, the absorption peaks gradually blue-shifted
from 780 to 640 nm and from 320 to 260 nm for 32-MXene.
Further blue shifts in the UV region, along with a broad and in-
tense absorption band in the NIR region, were observed for 43-
MXene. Notably, the extent of NIR absorption increases with in-
creasing N content. These results suggest that N substitution sig-
nificantly affects the electronic state and structural differences in
MXenes.

The density of states (DOS) was calculated to further inves-
tigate the electronic structures of the XSS MXenes (Figure 3c;
Figure S24, Table S3, and Note S4, Supporting Information for
more details). The overall states of Ti;C, N, O, shift downward
as x increases, similar to the behavior of 312-MAX (ref. [25]), ow-
ing to the emergence of deep states originating from the Ti 3d-
N 2p hybridized state (Figure S25, Supporting Information). As
these states shift downward, the DOS at the Fermi level increases,
indicating that N substitution enhances the electrical properties
of the material. A similar trend is observed in Ti,C; \N,0, as
well (see Figures S26 and S27, Supporting Information for de-
tails). Considering these electronic states, the shift observed in
the absorption peaks of the XSS MXene is presumably owing to
its intrinsic electronic structure, which is influenced by inter- and
intra-band transitions.>-%]
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To characterize the effect of N substitution on electrical con-
ductivity, free-standing XSS MXene films were fabricated via vac-
uum filtration. Cross-sectional SEM image and EDS mapping
show well aligned structure of the XSS MXene films and uniform
distribution of each element (Figure 3d; Figure S28, Supporting
Information). Thermal annealing of the XSS MXene films was
carried out at 250 °C for 2 h under vacuum conditions to promote
the de-intercalation of H,O molecules from the interlayers and
the desorption of surface-bound -OH groups.”] SEM-EDS analy-
sis confirmed that, although the oxygen content decreased, the C
and N ratios remained nearly unchanged after the annealing pro-
cess (Table S4, Supporting Information). The XRD patterns of the
annealed XSS MXene films show characteristic basal-plane (002)-
dominant alignments (Figure 3e). As shown in the XRD patterns
of the 32-MXene films, the (002) peak gradually shifted toward
lower 260 values and became broader with increasing nitrogen
content, indicating an expansion of interlayer spacing and a re-
duction in film alignment (Figure S29, Supporting Information).
At low nitrogen contents (x = 0-0.1), both the interlayer spacing
and the full width at half maximum (FWHM) remained nearly
constant, suggesting minimal structural changes. Notably, the in-
terlayer spacing of Ti;C, T, decreased to 20 ~8.9° at an annealing
temperature of 250 °C, while Ti,N,T, required annealing at 500
°C to reach 20 ~6.6° (Figure S30, Supporting Information). We
note that free-standing XSS MXene films (x5 pm) exhibited ex-
ceptional mechanical flexibility and durability—maintaining sta-
ble electrical resistance under severe bending (radius ~1.1 mm)
(Table S5 and Figure S31, Supporting Information).

Remarkably, the electrical conductivity of the annealed
Ti,C, N, T, increased from 22394 + 1212 (at x = 0) to 34520 +
1785 (at x = 0.1) S cm™! (Figure 3f; Table S6, Supporting Infor-
mation). However, as the N substitution increased to x = 0.9,
the electrical conductivity gradually decreased to 7590 + 375 S
cm~!. Notably, the electrical conductivity of 32-MXene remained
equal to or higher than its initial value up to x = 0.2 (i.e., 27440 +
1366, 28732 + 1048, and 23454 + 1214 S cm™! at x = 0.05, 0.15,
and 0.2, respectively). To elucidate the origin of this composition-
dependent behavior, Hall effect measurements were performed
(Figure S32 and Table S7, Supporting Information). As the nitro-
gen content increased from x = 0 to 0.1, the carrier concentra-
tion significantly increased, reaching ~4.72 x 10?2 cm~>. This
increase in charge carrier density played a dominant role in en-
hancing electrical conductivity, despite a concurrent decrease in
carrier mobility from ~8.06 to ~3.92 cm? V™' s7! The mobility
reduction is attributed to impurity scattering caused by substitu-
tional nitrogen atoms replacing carbon. Beyond x = 0.1, both car-
rier concentration and mobility exhibit a decreasing trend. This
suggests that N substitution enhances the electrical conductivity
of MXene up to a certain point, similar to its effects on the MAX
phases. However, further increases in N content lead to defect for-
mation during etching, including the development of voids and
surface Ti vacancies,3?) which in turn results in reduced electrical
conductivity.

To evaluate the impact of structural defects on the electronic
states, we performed DOS calculations for XSS MXenes with
varying concentrations of surface Ti vacancies. The results indi-
cate that the introduction of Ti vacancies significantly reduces the
DOS near the Fermi level (Figure S33, Supporting Information).
In addition, structural defects disrupt charge transport pathways
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Figure 3. Effect of N substitution on the physical and electrical properties of XSS MXenes. a) Photograph of synthesized XSS MXenes showing:
i) cold-pressed multi-layered MXene (m-MXene), ii) delaminated MXene (d-MXene) solution (top) with a vacuum-filtrated free-standing film (bottom).
b) UV—vis—NIR absorption spectra of 32- (blue) and 43- (red) MXenes. c) Total DOS of Ti;C,,N,O,. d) Cross-sectional SEM image of the Ti;C; gNg 1T,
film. e) XRD patterns of annealed 32- (blue) and 43- (red) MXene films. f, g) Electrical conductivities of (f) 32- and (g) 43-MXenes before and after
annealing. h) Raman spectra of 32- (blue) and 43- (red) MXene films.

in the MXene films. Specifically, the presence of voids and lat-
tice imperfections impairs both inter- and intra-flake electrical
conduction. The inter-flake resistance increases due to flake mis-
alignment caused by structural voids, whereas the intra-flake con-
ductivity decreases as a result of defect-induced lattice disorder

Adv. Mater. 2025, 2502443
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and enhanced electron scattering, as previously reported.[2140:41]
These theoretical and experimental findings support our in-
terpretation that the observed decline in conductivity beyond
x = 0.1 is due to the progressive accumulation of etching-
induced defects, such as voids and surface Ti vacancies, which
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increasingly disrupt the electronic structure and suppress charge
transport.

Consequently, the electrical conductivity of 43-MXene steadily
decreased from 3895 + 209 to 915 + 178 S cm™' as y increased
from 1.8 to 3 (Figure 3g). The Raman spectra of the 43-MXene
films exhibited broader vibrational bands than those of the MAX
phase (Figure 3h), probably owing to the presence of defects in-
troduced during the acid etching process. Nevertheless, the w,,
;, and w, peaks were observable at x = 0 to 0.25 in 32-MXene
films, which suggests the retention of high electrical conductiv-
ity within this composition range.[*?! In particular, the w, peak
shifted toward lower wavenumbers with increasing nitrogen con-
tent, from 213 cm™! in Ti,C,T, to 2210 cm™ in T, C; 5Ny 55T,
suggesting that nitrogen substitution induces local structural
softening (Figure S34, Supporting Information).

2.5. Broadband EMI-Shielding Performance of XSS MXene Films

Figure 4a demonstrates the EMI SE of Ti;C, (N, T, films across
the X-, K-, and W-bands at varying thicknesses. The dashed line
at ~#116 dB indicates the limit of detection (LD) for the measure-
ment system (Figure S35, Supporting Information). Notably, the
EMI SE increases significantly at higher frequencies, achieving
the LD with a film thickness of only 6 um in the W-band. In
comparison, films with lower conductivity values require larger
thicknesses to achieve the same SE, which emphasizes the crit-
ical role of electrical conductivity in high-frequency EMI shield-
ing (Figure S36, Supporting Information). The 43-MXene films
with lower conductivity values exhibited reduced EMI SEs in the
X-band (Figure S37, Supporting Information).

Compared to Cu and Al foils, the Ti,C, (N, T, film exhibits
a superior EMI SE (Figure 4b; Figure S38, Supporting Informa-
tion). The reflection SE (SEy) is similar to that of bulk metals,
while its absorption SE (SE,) is markedly higher, resulting in
an enhanced total SE (SE). To understand the mechanisms re-
sponsible for this superior performance, a transfer-matrix model
was employed to analyze the interaction of electromagnetic waves
(EMWs) with MXene films (Figure S39 and Note S5, Supporting
Information).

Figure 4c presents the transmittance and reflectance of the
MXene film at 10 GHz as functions of electrical conductivity
(100-35000 S cm™) and thickness (0-10 pm). The reflectance
increases at higher conductivity values and saturates at values
above 0.998, which implies that more than 99.8% of the incident
EMWs are reflected. Concurrently, the transmittance steadily de-
creases to nearly zero with the increase in electrical conductivity,
effectively blocking EMWSs. This indicates that SE; saturates at
~25 dB and that SE, continues to increase at higher conductivity
values, resulting in a substantial overall increase in SE; (Figure
S40, Supporting Information). This exceptional EMI-shielding
performance of the MXene films compared to bulk metals arises
from fundamental differences in their mechanisms.

To clarify the EMI shielding mechanisms of XSS MXene, we
investigated the dominant loss pathways—ohmic loss, interface
scattering, and polarization loss—through theoretical analysis
and targeted experiments (Note S6, Supporting Information). Al-
though its metallic conductivity (o ~ 3.5 x 10* S cm™) suggests
a dominant contribution from ohmic loss, XSS MXene exhib-
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ited higher SE, and SE; values than Cu and Al, despite its lower
conductivity. This indicates the presence of additional attenu-
ation mechanisms. Ultrathin film experiments (~§/10, where
§ is the skin depth) revealed that XSS MXene effectively sup-
presses multiple internal reflections, a phenomenon attributed
to strong internal scattering facilitated by its multilayered archi-
tecture (Figures S41 and S42, Supporting Information). Dielec-
tric loss contributions, evaluated using a complex permittivity-
based model, were found negligible under high-conductivity con-
ditions, with attenuation constants orders of magnitude lower
than those from conductive models, even at high dielectric loss
tangent (tan 8) (Figure S43, Supporting Information). As XSS
MZXene is non-magnetic (i, = 1), magnetic losses were excluded.
These results support the dominant roles of ohmic loss and in-
terface scattering, and future work will include direct permittivity
and permeability measurements to refine the shielding model.

Figure 4d presents the calculated EMI SE; of the MXene film
in a frequency range of 0.1-100 GHz. The difference in SE; be-
tween films having electrical conductivities of 15000 and 35 000
S cm™!is #10 dB at lower frequencies such as 0.1 GHz. However,
this difference becomes more pronounced at higher frequencies
such as 100 GHz. For films with an electrical conductivity of
15000 S cm™!, a ~10-um-thick film is required to achieve an EMI
SE; of 100 dB. In contrast, a film with an electrical conductivity of
35000 S cm™! achieves the same SE; at a thickness of only 5 um.
This enhanced performance at higher frequencies is attributed to
the rapid reduction in transmittance within this range, decreas-
ing to 1071, corresponding to EMI SE; exceeding 100 dB (Figure
S44, Supporting Information). These results align well with ex-
perimental observations, emphasizing the importance of the op-
timization of both conductivity and film thickness to maximize
the SE in advanced high-frequency applications.

To validate the exceptional EMI-shielding performance of
Ti,C; gNy;T,, the films were benchmarked against other MX-
enes, metal foils, and carbon-based materials reported over the
past five years (Figure 4e; Table S8, Supporting Information).
Ti;C, ¢Ny, T, achieves higher EMI SE values at lower thicknesses
compared to other materials, with an excellent agreement be-
tween experimental data and transfer-matrix calculations. No-
tably, the annealed Ti, C, N, , T, films demonstrated outstanding
ambient stability over 230 days, showing only minor degradation
in EMI SE (~4 dB) for thinner samples (1.2 pm), attributable
to slight surface oxidation (Figure S45, Supporting Informa-
tion). Under harsh humid conditions, the annealed Ti;C, (N, T,
films further demonstrated superior environmental stability—
exhibiting minimal EMI SE loss and nearly full recovery after
vacuum annealing—unlike Cu and Al foils, which suffered ir-
reversible degradation due to corrosion (Figure S46, Support-
ing Information). In addition, spray-coated Ti;C, (N, T, films
exhibited tunable transparency on glass and PET substrates
(Figure S47, Supporting Information), demonstrating the scal-
ability and flexibility of XSS MXene for optically transparent
and EMI-shielding applications. These results underscore the
strong potential of XSS MXene films for real-world applicabil-
ity. Furthermore, the specific SE per unit thickness (SSE t7)
highlights the superior performance of XSS MXenes for ad-
vanced EMI-shielding applications (Figure S48, Supporting In-
formation). Benchmark comparisons in the W-band addition-
ally reaffirm the high quality and reliability of these films for
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Figure 4. Broadband EMI-shielding characteristics of XSS MXene films. a) EMI SE; values of Ti;C; N 1T, films with varying thicknesses in the X-, Ka-,
and W-bands. b) Comparison of EMI SE elements in Cu and Al foils, and Ti;C, gNg 1T, film. c) Calculated reflectance (left) and transmittance (right)
of the MXene film as functions of electrical conductivity and thickness at 10 GHz. d) Calculated EMI SE; of the MXene film as functions of electrical
conductivity, frequency, and thickness. e, f) Benchmark plots of EMI SE; at the (e) X-band and (f) W-band for Ti;C; gNg 4T, films.

high-frequency applications (Figure 4f; Table S9, Supporting
Information).

3. Conclusion

We have reported a breakthrough in MXene film conductivity of
~35000 S cm™! through N substitution at the X-site in XSS MAX
phases. Synthesis of high-stoichiometric XSS MAX phases and
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the elucidation of the effects of N substitution on the properties
of these phases resulted in the improvement of structural and
electrical properties of the resulting XSS MXene films. The sig-
nificance of these results lies not only in the advantageous phys-
ical properties of XSS MXenes but also in the exceptional per-
formance of XSS MXenes in broadband EMI shielding even at
reduced thicknesses as confirmed by our transfer-matrix simu-
lations. With its demonstrated effectiveness across a wide range
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of frequencies, MXenes are poised to expand their applicability
from traditional lower-frequency domains such as the X-band to
cutting-edge sub-THz technologies.

4. Experimental Section

Materials:  Ti (—325 mesh, 99.5%), Al (=325 mesh, 99.5%), graphite
(=325 mesh, 99.9995%), LiF (powder, 98.5%), HBr (solution, 48%), and
HF (solution, 48%-51%) were purchased from Thermo Scientific. AIN
(powder, 10 um, 98%), LiCl (powder, 99%), and HCI (solution, 37%) were
purchased from Sigma-Aldrich. LiBr (powder, 98%) was purchased from
D) Chemicals. Al (18 um) foil was purchased from Lotte Aluminium. Cu
(10 um) foil was purchased from Nilaco. All materials were used directly
without purification.

Synthesis of XSS MAX Phase: Ti, Al, AIN, and graphite powders were
ball-milled in ethanol for 24 h at 250 rpm according to the specific mo-
lar ratios listed in Table S1 (Supporting Information). The resulting slurry
was vacuum filtrated to remove ethanol and then dried in air for 12 h. The
homogeneous powder mixture was cold-pressed into 15 mm cylindrical
pellets under a pressure of 30 MPa. These pellets were placed in an alu-
mina crucible, heated at a rate of 5 °C min~" to the target temperature, and
held for 2 h under an Ar flow. After sintering, the pellets were ground and
sieved through a 400-mesh sieve. All samples underwent HCI treatment
to eliminate intermetallic impurities.!"3]

Synthesis of XSS Ti3C, N, T,: 1gof Ti;AIC, N, was gradually added
to an etchant containing 4 mL of HF, 13 mL of deionized (DI) water, and
13 mL of HCl, stirred continuously at 35 °C. The etching time was adjusted
based on the value of x in Ti;AIC, N, (Figure S11, Supporting Informa-
tion). The etched mixture was washed three times with DI water through
centrifugation at 4500 rcf for 5 min using a 250 mL conical tube. The
washed sediment was then redispersed in 40 mL of Dl water containing 1g
of LiCl and stirred vigorously for 2 h using a vortex mixer. The mixture was
centrifuged again at 4500 rcf for 5 min and washed three more times with
DI water, resulting in spontaneous delamination. After self-delamination,
the mixture was transferred to a 250 mL conical tube and centrifuged at
2500 rcf for 30 min to separate multi-layered MXene. The dark supernatant
containing the delaminated 32-MXene was collected using a 250 mL flat
tube and concentrated by centrifugation at 8000 rcf for 20 min. This pro-
cess was repeated until the supernatant became sufficiently diluted. Fi-
nally, the concentrated MXene was washed three times with DI water to
remove excess Lit ions, yielding 32-MXene for further use.

Synthesis of XSS TiyC5,,N,T,:  Synthesis of 43-MXene was performed
using a saturated salt solution method. Specifically, 1 g of Ti,AlC;.,N, was
slowly added to a solution containing 30 g of LiBr, 15 mL of Dl water, 15 mL
of HBr, and 2 g of LiF. The resulting mixture was transferred to a Teflon-
lined autoclave, sealed, and heated to 80 °C for a duration dependent on
the y content in TiyAIC; N, (Figure S12, Supporting Information). The
autoclave was then cooled to room temperature. The etched mixture was
washed three times with DI water by centrifugation at 4500 rcf for 5 min,
resulting in self-delamination. The delaminated 43-MXene was collected
by centrifugation at 1500 rcf for 10 min to separate any unreacted MAX
phase and LiF. The sample was then purified with DI water by centrifuga-
tion at 8000 rcf for 15 min to remove excess Li* ions from the solution,
preparing the 43-MXene for further use.

Characterizations: The XRD patterns were recorded using a high-
power XRD instrument (Rigaku, D/MAX2500V/PC) with Cu K, radiation
(40 kV, 200 mA) and a scan step of 0.02°. The morphologies of the sam-
ples were examined using SEM (SU7000, Hitachi) with an attached EDS
detector. The thicknesses of the vacuum-filtrated MXene film were mea-
sured from cross-sectional SEM images using Image) software. Raman
spectra of the MAX phase and MXene were obtained using an alpha300R
(WITec) with a laser power of 5 mW and an alpha300S (WITec) with a laser
power of 1 mW, both at an excitation wavelength of 532 nm. AFM images
were acquired using a Bruker Dimension AFM instrument operating in tap-
ping mode. The XPS data were collected using an ESCALAB 250XI instru-
ment (ThermoFisher) equipped with a micro-focused monochromatic Al
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X-ray source under ultrahigh vacuum. The sheet resistance of MAX phases
and MXene films was measured using a four-point probe (CMT2000N,
AIT), with a highly p-doped Si substrate serving as the standard sample.
The optical features were recorded using UV-vis NIR spectrometer (Cary
5000). EMI-shielding measurements were conducted using a two-port vec-
tor network analyzer (VNA, N5247A, Agilent), a millimeter head controller
(N5261A, Agilent), a frequency extender (N5260-60003, Agilent), and rect-
angular waveguides for the X, K,, and W bands, following standard cali-
bration using Thru, Reflect, and Line (TRL) methods.

Computational Methods:  All the DFT calculations were performed us-
ing the Vienna ab initio simulation package (VASP) code.[*}] The calcu-
lations were performed within the generalized gradient approximation
(GGA) of the Perdew—Burke—Ernzerhof (PBE) functional.l*4] Reciprocal-
space integration was performed using the Monkhorst-Pack schemel#’]
with an accuracy of 0.06 A~1, and a plane-wave cutoff energy of 800 eV
was used for lattice constant optimization and 400 eV for the other calcu-
lations. To determine the formation energy of the XSS MAX phases, nine
312- and 413-MAX phases with different C:N ratios and all possible 26 el-
emental/binary/ternary phases of the Ti-Al-C-N system were fully relaxed
until the force on each atom was lower than 0.02 eV A=, The SQS struc-
tures for the 312- and 413-MAX phases were generated using the MCSQS
code, 6] and the supercell size was 5 x 2 x 1.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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