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Fig. S1 SERS spectra of Nb.C (a) and Ta>C (b) substrates with different excitation wavelengths of
532 nm, 633 nm, 785 nm
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Fig. S2 (a) Partial density of states of Nb>C and Ta.C bulk structure. (b) Calculated absorption

spectra and dielectric function spectra of N

(a) (V o “¢ (b) "® [eMBA270nm4.59ev 332 633
C © ‘z;‘: : : x:ig(«
o © C b :

b»C and Ta2C bulk structure

MV-580nm-2.14

Absorption (cm'l)

-660nm-1.88eV]|

eV

480 560 640 720 800
Wavelength (nm)
(c) ——d4-MBA-calculated (——McB-calculated —Mv-calculated|
—_
7]
=
u L
-
2 == IL
‘7 |——4-MBA-experimental f——MeB-experimental —MV-cxperimental| )
=
W
~—
=
L

200 800 1200 1600

200 800 1200 1600 400 800 1200

Raman Shift (cm-1)

1600

Fig. S3 (a) Basic models of the isolated molecules of 4-MBA, MeB, MV. (b) Experiment absorption
spectra of probe molecules 4-MBA, MeB, MV. (c) Calculated and experimental Raman spectra of 4-

MBA, MeB, MV
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Fig. S4 Experiment ultraviolet-visible absorption spectra of probe molecules MeB-Nb.C (a), MV-
Nb2C (b), MeB-Ta.C (c), MV-TazC (d)
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Fig. S5 (a, ¢) TEM images of Nb,C Mxene (a) and Ta.C Mxene (c) before the delamination process.
(b, d) Schematic diagram of atomic interlayer distance of Nb2C Mxene (b) and Ta,C Mxene (d)
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Fig. S6 (a, c) AFM images of Nb,C Mxene (a) and TaC Mxene (c) after the delamination process.
(b, d) The thickness and the corresponding 3D AFM images of Nb2C Mxene (b) and Ta,C Mxene
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Fig. S7 (a, d) XRD patterns of Nb2AIC ceramics and Nb.C nanosheets (a), Ta2AIC ceramics and
Ta>C nanosheets (d). (b, e) EDS spectra of delaminated Nb>C (b) and Ta-C (e) nanosheets. (c, f) Nb
3d and Ta 4f XPS spectra of delaminated Nb.>C (c) and Ta2C (f)
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Fig. S8 SERS spectra of Nb2AIC, Nb>C substrates (a) and Ta,AIC, Ta>C substrates (b) under the
excitation laser of 532 nm

(a) o1s (b) ol
TaCx(OH)y

= Nb2CxO: = TaCx(OH)y §
] Nb2Cx(OH)y 2

&
g Nb:Cx(OH)y £
2 3
= =

N : L . L L ) L L i L L L
528 529 530 531 532 533 534 528 529 530 531 532 533 534 535
Binding energy (eV) Binding energy (eV)

Fig. S9 (a, b) O 1s XPS spectra of delaminated Nb.C (a) and Ta.C (b)
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Fig. S10 (a, ¢) Nb 3d and Ta 4f XPS spectra of MeB-Nb,C complex (a) and MV-Ta,C complex (c),
respectively. (b, d) O 1s XPS spectra of MeB-Nb,C complex (b) and MV-Ta,C complex (d)
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S2 Enhancement Factor (EF) Calculations

SERS enhancement factors for Nb,C and Ta.C MXenes substrates were calculated by the
following general formula [S1]:

FF= 285  Sprob (S1)
Lyo»  Cskrs

Based on formula (S1), Isers and Iprob are the Raman intensity at a selected Raman peak of molecule-
semiconductor complex and MV or MeB probe molecules. Csers is the SERS detected concentration
of MV or MeB molecules in the scattering volume. Cprob is the pristine concentration of MV or MeB
molecules in the scattering volume for Raman detection. In the Raman scattering detection region,
the C,,;, of MV and MeB molecules are 2.718 M and 3.13 M, respectively. Under the excitation of
532 nm laser, the Raman intensity 1,,,, of MV molecule at 1617 cm™ is 477481.4, and 1,,,, of
MeB at 1620 cm™ is 335466.26. All Raman spectra complex were detected with the following test
conditions: the irradiation power of excitation light is 50 mWx1% of 532 nm, and the light
irradiation time of each point is 20 s, as well as the light transmission efficiency of the Raman

spectrometer is about 20%.

As for MV molecules with the irradiation of 532 nm laser, EF= (I:S‘ﬂ x5.69 x 107
SERS

As for MeB molecules with the irradiation of 532 nm laser, EF= (I:S‘ﬂ x9.33 x 107°
SERS

Therefore, the SERS enahncement factors of Nb2C and Ta2C MXenes substrates can be calculated
from the measured Raman spectra.

As for 10° M MV adsorbing on Nb,C MXene, Isers = 67177.188 and EF = 3.8x10°%;
As for 107 M MV adsorbing on Ta;C MXene, Isers = 24244.117 and EF = 1.4x10°;
As for 107 M MeB adsorbing on Nb,C MXene, Isers = 32185.306 and EF = 3.0x10°;
As for 10 M MeB adsorbing on Ta,C MXene, Isers = 15899.077 and EF = 1.5x10°;

Based on above calculations of our works, SERS enhancement factors and the corresponding
detection limits of all reported MXene carbide materials with SERS activity were summarized in the
Table S1.
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Table S1 Reported enhancement factors on different semiconductor nanostructure substrates

SERS substrates Probe Excitation EF Detection
molecules  wavelength (nm) limits
Ag@ TiszC, MXenes, 15x10° 108M
Au@ Ti3C, MXenes, MB 632.8 1.17 <105
Pd @ TisC, MXenes [2] 9.61 <10
The films of TisC, MXenes [1] R6G 488 1.2 <106
MB 488 1.6 <106 107 M
Multi-layers of TisC, MXene- R6G 532 2x10°
SOsH [3]
Monolayer of TisC,MXene [4] R6G 532 3.82 %108 10" M
TisC, MXenes (previous work) MV 532 2.84x10° 10°%M
MeB 785 3.24x106  107M
Ti.C MXenes (previous work) MV 532 4.15x10* 10°M
Nb,C MXenes (this work) MV 532 3.8x10° 10°M
MeB 532 3.0x106 108 M
Ta,C MXenes (this work) MV 532 1.4x108 107 M
MeB 532 1.5x10° 10-6 M
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Fig. S11 Raman spectra of 5x10° M SARS-CoV-2 S protein on Nb,C NSs substrates under the
different wavelength excitation lasers of 532 nm, 633 nm, 785 nm

S3 SERS Detection of SARS-CoV-2 S Protein
S3.1 Gene sequence of SARS-CoV-2 S protein

QCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHAIHVSGTNG
TKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCND
PFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNID

GYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGA
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AAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTVEKGIYQTSNFRVQPTE
SIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADY SVLYNSASFSTFKCYGVSPTKL
NDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGN
YNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRV
VVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFLPFQQFGRDIADT
TDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLYQDVNCTEVPVAIHADQLTPTWR
VYSTGSNVFQTRAGCLIGAEHVNNSYECDIPIGAGICASYQTQTNSPRRAR

S3.2 Detection limits of SARS-CoV-2 S protein

The SARS-CoV-2 S protein solution was purchased from Sanyou Biopharmaceuticals (2.38 mg/mL,
20 pg/tube, Shanghai, China) and diluted to 1.5 mL by adding PBS solution. Then, the 40 uL
of diluted SARS-CoV-2 S protein solution was added to 1.5 mL PBS solution, and the 0.02 g of
Nb>C and Ta.C Mxene powder was immersed in it for 30 min. As for the purchased SARS-
CoV-2 S protein solution, the number of mole (n) and molecules (N) are shown below:

n=m/M=20 x10°g/75243=2.66 x10"*° mol
N=nxNa=2.66 x101%x 6.02 x10%=1.6 x10™

As for the diluted SARS-CoV-2 S protein solution, the number of mole (n1) and molecules (N1) are
shown below:

N1=1.6 x10*x40/1500=4.26 x10%
n1=N1/Na=4.26 x10%/6.02 x10%=7.08 x1012 mol

Based on the results of Raman tests, the detection limit of Ta2C Mxene substrate for SARS-CoV-2
S protein is shown below:

LOD= n1/V1=7.08 x101%/1.5 x103=4.72 x10°M~ 5 x 10™°M
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Table S2 Raman models of SARS-CoV-2 S protein in literature, experimental results of
molecules on Ta,C NSs and Au NPS substrates, calculation results of Ta>C-amino acid

molecules complexes

Reference Experiment  Calculation
Assignments - Assignments
. Literatur Au Ta.C TaC .
(Literature) (Calculation results)
e (cm?) (cm?)  (cm?) (cm?)
Amide V 567 [S6] 568 563 578 Trp, v(C-N) in indole ring
Tyr, p(C-C) 645 [S5] 646 632 648 Tyr, p(C-C)
Trp, v(¢) 758 [S5] 752 698 706 Trp, v()
Phe, v(¢) 778 [S5] 792 778 771 Phe, v(¢, indole ring)
Trp, W17 [8(CH 880 [S6
P W7 [3(CH)een [S61 e g6 858 Tyr & Trp, v(N-H)
& 3(N-H)] 874 [S7]
Skeleton, v(C-C, a-
. Ref. [S7] 950 918 906 Trp, Skeleton, v(C-C)
Helix)
Phe & Trp, pipp(C-H) in
Phe, pipn(C-H) 1034 [S8] 1027 1037 1016/1039 L
aromatic ring
v(C-N) 1155[S5] 1172 1132 1139/1142  v(C-N)
Trp & Phe, v(C-
CoHe) 1209 [S5] 1214 1198 1231/1254 Phe & Trp, v(C-Ce¢Hs)
6115
. . 1366/1351
Amide IIT (a-Helix)  Ref.[S8] 1296 1346 Skeleton, v(C-C)
/1372/1344
Phe & Trp, v(C-C),
Trp, W7 [v(N1—Cs)] 1365 [S6] 1380 1400 1405/1404
v(C-N)
. 1509-1552
Amide Il 1521 1532 1552-1590  v(C-C=0)
1529 [S8]
Tyr & Phe, v(¢) 1591 [S8] 1592 1580 1592-1599  wv(¢) or v(indole ring)
1617-1680 1656/1667  Phe & Trp & Tyr, v(¢)
v(C=C) 1630 1632
[S5] /1665 & 5(¢)
CH. CH2& CHsin
L 2890-2980 2890,2 Skeleton, v(C-H) &
aliphatic group, 2890,2950 3040-3210
[S5] 950 v(N-H)

v(C-H)

Abbreviation: ¢, deformation; v, stretching; p., twisting vibrations; ¢, aromatic ring; pipb, in-plane

deformation;
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Fig. S12 (a) Number of amino acids in the gene sequence of SARS-CoV-2 S protein. (b-d) Static
Raman spectra of amino acid molecules of Phe and Ta>C-Phe complex (b), Trp and Ta>C-Trp
complex (c), Tyr and Ta2C-Tyr complex (d)
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Fig. S13 Energy level distributions and HOMO/LUMO illustrations of Tyr (a), Trp (b), Phe (c)
amino acids, and Ta;C-amino acids complexes obtained by the accurate higher precision DFT
calculation
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