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Figure S1: XPS survey spectra of MXene dried at different temperatures.

Table S1

Atomic weight percentage for elements of MXene dried at different temperatures.

Temperature C 1s (%) F 1s (%) Ti 2p (%) O 1s (%)
100°C 39.1 23.7 21.8 15.4
180°C 422 23.1 17.3 17.4
250°C 433 19.4 16.8 20.5
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Figure S2: (a) Schematic illustration of MXene preparation via in-situ chemical etching and

(b) ethyl cellulose nanofiber fabrication by electrospinning processes.
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Figure S3: Schematic illustration of the PDMS/MXene composite preparation.
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Supplementary Note I:
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II.
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Figure S4: UV- Visible absorption spectra of MXene.
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Figure S5: Spectroscopic characterization of ethyl cellulose (EC): (a) FTIR spectrum, (b—d)
Raman spectra, (¢) XPS survey spectrum, (f) high-resolution C 1s spectrum, and (g) high-

resolution O 1s spectrum.

Supplementary Note I1:

The FTIR transmission spectrum is presented in Figure S5a. The transmittance peaks observed
at 3468, 2980, 2883, 1732, 1367, and 1062 cm™! correspond to O—H stretching, CH, asymmetric
stretching, CH, symmetric stretching, C=O carbonyl stretching, C-OH stretching, and C-O
stretching, respectively.! The Raman spectrum of ethyl cellulose is shown in Figure S5b-d.
The peaks observed at 1075, 1117, 1181, 1269, 1306, 1418, 1456, 2878, 2929, and 2975 cm"!
are assigned to C-O stretching, C—O—-C stretching, C—-C—O asymmetric stretching, C-H
bending, CH, bending, CH; bending, C-H symmetric stretching vibration, CH, stretching, and
CH3 stretching vibrations, respectively.? The XPS survey spectrum is shown in Figure S5e.
For the C 1s spectrum (Figure S5f), the C—C, C-O, and O—C-O peaks appear at binding
energies of approximately 285.0 eV, 287.0 eV, and 287.8 eV, respectively. In the O 1s spectrum
(Figure S5g), the C-O related peak is observed at around 533.0 eV, indicating the presence of

oxygen-containing functional groups.?
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Figure S6: XPS analysis of (a-e) MXene, (f) shift of Si 2p, and (g-1) PDMS/MXene.

Supplementary Note I11:

S10

98



The survey spectrum of MXene, which includes F 1s, Ti 2s, O 1s, Ti 2p, and C Is, is
presented in Figure S6a. The high-resolution C 1s peak (Figure S6b) is deconvoluted into five
distinct peaks at 286, 284, 283.72, 282.38, and 280.50 eV, corresponding to O—C=0, C-O, C—
C, C-Ti—O/F, and C-Ti bonds, respectively.* The O 1s spectrum (Figure S6¢) depicts two
components at 528.8 and 530.9 eV, assigned to Ti-O and -OH groups.> Similarly, the F 1s
spectrum (Figure S6d) exhibits two peaks at 685.3 and 683.8 eV, attributed to C—F and C-Ti—
Fx bonds, respectively.® The Ti 2p spectrum (Figure S6e) displays spin-orbit splitting into Ti
2ps/2 (454.5 €V) and Ti 2pi/2 (459.3 €V) components.” The binding energy shift of Si 2p for
PDMS/MXene composite towards higher binding energy confirmed the bonding between Si-F
and Si-OH, as shown in Figure S6f. Furthermore, XPS analysis of the PDMS/MXene (Figure
S6g) confirms the presence of characteristic MXene elements (F 1s, Ti 2s, O 1s, Ti 2p, and C
Is) alongside PDMS elements (Si 2s and Si 2p). In the PDMS/MXene, the C 1s spectrum
(Figure S6h) contains three peaks at 284.5, 283.9, and 283.3 eV, corresponding to O-C=0, C-
O, and C-C bonds, respectively. The O 1s peak of PDMS/MXene is divided into three peaks at
531.6, 532, and 532.5 eV, corresponding to C-O/Si—0O, C-Ti—(OH)x, and C-Ti—Ox bonds,
respectively, depicted in Figure S6i. The F 1s is deconvoluted into two parts at 685 and 684.1
eV, which indicates the C-Ti-F;x and C-F bond (Figure S6j). The Ti 2p spectrum of
PDMS/MXene splits into two parts at 456.7 and 464.8 eV for Ti 2p;,, and Ti 2p,, respectively,
depicted in Figure S6k. The Si 2p peak of PDMS/MXene composites consists of two peaks at
103, 102, and 101.1 eV, which correspond to Si-F, Si—O, and Si—C bonds, respectively, as
shown in Figure S61.3° The XPS data conclusively demonstrate the successful integration of
MXene nanosheets within the PDMS matrix, evidenced by the detection of characteristic

elemental signatures from both materials.
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Figure S7: Tribo-output of different dielectric and working mechanism: (a) tribo-output with

different dielectric and PDMS, (b) working mechanism of 'PDMS-EC' TENG, and (c) tribo-
output of PDMS/MXene with different dielectric.

Supplementary Note I'V:

In their initial state before contact, the triboelectric layers are electrically neutral, resulting in
zero electrical potential [Figure S7b(i)]. Applying an external force brings the layers into
contact, inducing equal and opposite surface charges. Electron transfer occurs from the EC
layer to the PDMS layer, driven by PDMS's stronger electron affinity, leaving the EC surface
with a net positive charge [Figure S7b(ii)]. As the external force is removed and the layers
separate, the resulting gap creates an electrical potential difference. This potential difference
drives electron flow from the PDMS eclectrode to the EC clectrode via the external circuit,
generating a transient current pulse [Figure S7b(iii)], with the potential reaching its peak upon
complete separation [Figure S7b(iv)]. Subsequent compression reduces the interlayer spacing,
thereby diminishing the electrical potential difference and reversing the direction of electron
flow, resulting in an observed reversed current pulse [Figure S7b(v)]. This behaviour is
consistent with PDMS acquiring a negative triboelectric charge and the EC nanofiber layer

acquiring a positive triboelectric charge.
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respectively.

Table S2

Estimation of Cp and Rp values from the Nyquist plot

SI. Sample name MXene Cp (uF) Rp (kohm)
no concentration
(Wt%)
1 PDMS 0 0.08 14651
2 MXene-PDMS 0.5 0.89 160
3 MXene-PDMS 0.75 1.05 34.8
4 MXene-PDMS 1.00 3.20 1.6
5 MXene-PDMS 1.25 2.30 1.2
6 MXene-PDMS 1.50 1.58 1.1
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Table S3

Comparative analysis of the sensitivity of TENG with previously reported work
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TENG Structure Working mode Voltage sensitivity References
(V/kPa)

Skin/MXene Vertical Contact 2.35 10
separation

PTFE/PMMA Vertical Contact 7.28 1
separation

PVDF/PVP Vertical Contact 8.80 12
separation

Ecoflex/Al Vertical Contact 2.57 13
separation

PMMA/PDMS Vertical contact 3.11 14
separation

Cu/PET Vertical contact 3.16 15
separation

PDMS/PET Vertical contact 2.82 16
separation

PDMS-MXene/ EC Vertical contact 11.19 This study
separation

‘acuum Level




Figure S17: Schematic illustration for KPFM measurement.
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Figure S18: Surface potential of (a) PDMS, surface roughness of (b) PDMS, and (c)
PDMS/MXene.

Ny \Q\\

N ° ©o © o o

l.ooooooo
e © © o o o

AL

Ny
(-]




Figure S19: Unrelaxed and relaxed structures: (a, b) PDMS/Ti;C,0, and (¢, d) PDMS/Ti;C,F,

complexes.
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Figure S20: The electronic band structures of the 6x6x1 supercells of (a) Ti3C,0,, (b) Ti3C,F,,
(c) PDMS on Ti3C,0,, and (d) PDMS on Ti3C,F,. In all the cases, the metallic nature of the
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bands is evident from the plots. In the PDMS-MXene complexes, flat bands (shown in red)

appear in the electronic structure, originating from the PDMS molecule.

Figure S21: Circuit diagram for square waveform generation.

Supplementary Note V:

To generate a square waveform, the output of the optimized 'PDMS/MXene-EC' TENG is used
as input (Figure S21). Firstly, the device output is rectified using a bridge rectifier and stored
in a capacitor, which also helps in cancelling unwanted noise. A Zener diode is used to regulate
the voltage based on its breakdown voltage. A short-circuit connection in parallel with the
capacitor enables sudden discharge. The pulse width and height are adjusted by controlling the
discharge time and the power rating of the Zener diode. Additionally, the peak height can be
tuned by applying pressure. Higher pressure on the TENG generates a higher voltage, while

lower pressure results in a lower output voltage, thereby altering the peak height.
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Figure S22: Generation of square waveform using Zener diodes (power rating ~ 1-5 W) and a

capacitor (capacitance ~ 50 and 100 nF): (a) 5.1 V, 50 nF, and (b) 9.1V, 100nF.

Supplementary Note VI:

The electronic components, including capacitance, power rating, and Zener diode breakdown
voltage, were meticulously optimized to produce a clean square waveform output. Different
capacitance values, ranging from 5 nF to 200 nF, were varied to reduce noise levels. The noise
level decreases as the capacitance increases. However, at higher capacitance values (100-200
nF), the charging time increases significantly, resulting in the output waveform deviating from
an ideal square wave. Next, to modify the pulse height of the square wave, the breakdown

voltage and power rating of the Zener diode were modulated. Figures S22a,b show different
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square waveform heights for Zener breakdown voltages of 5.1V and 9.1V, where capacitance

values of 50 nF and 100 nF, respectively, were used.

Supplementary Note VII:

To decode a binary number into its decimal equivalent, the distinct pulse on/off states of the
square waveform generated by the 'PDMS/MXene-EC' TENG serve as the input for the binary
digits. The absence (pulse off) and presence (pulse on) of output from the TENG represent '0'
and 'l', respectively. The square waveform is decoded by the ESP32 microcontroller unit and
wirelessly transmitted to the smartphone via Wi-Fi. Consider the binary number '1001": the
process begins by pressing the TENG device, which generates a square wave signal that is
recorded as the first binary digit' 1'. The next two binary digits, '0', are automatically taken after
four seconds without pressing the device. The last binary digit, '1' is recorded when the device
is pressed again. To complete the decoding, a final strong press generates a pulse with a greater
height than the normal pulse width. The cutoff pulse height for a normal voltage, representing

binary 'l', is 3V, while a pulse height of 6V signals the end of the decoding process.
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Figure S23: Schematic diagram for Boolean logic (AND, OR, NOT) operations.
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Supplementary Note VIII :

Universal logic gates (AND, OR, NOT) are realized using the fabricated TENG. Here, '1' and
'0" are represented as the presence (pressed) and absence (not pressed) of the square wave. Five
TENGs are used to make logic gates: two for each input (A and B) and the other three for
representing each logic gate ( AND, OR, and NOT). For different input configurations, specific
TENGS are utilized to set the corresponding values: pressing A sets A = 1 and B = 0; pressing
B sets A =0 and B = 1; and pressing both A and B sets A = 1 and B = 1. After setting each
input configuration, one of the logic operations (AND, OR, or NOT) is pressed to show the

corresponding result on the display.

For the AND operation, there are two inputs (A and B) and one single output (Y). The output
of an AND gate is in the state 1 if and only if all the inputs assume the state 1. The Boolean
expression of an AND gate having inputs denoted by A and B is written as Y= A.B. The truth
table for the AND logic gate is as follows in Table S4.

Table S4
Inputs Output Inputs Logic Output
A B Y A B - %
0 0 0 J_I—
1 0 0 J:L — J_I— —
L I
] [dT [JL [TL T
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Similarly, the output of the OR gate is in the state 1 if one or two inputs are in the state 1. The
Boolean expression for the OR gate, having inputs (A and B) and the output is denoted by Y,
can be written as Y = A+B. The truth table for the OR gate is shown in Table SS.

Table S5

Inputs Output Inputs Logic Output

1 | 1 | |

S I R B N M e
T

Additionally, the NOT gate has a single input and a single output. The NOT logic is in the state
1 if and only if the input does not assume the state 1. The output of the logic is high when the
input is low, and vice versa. The Boolean algebra for input A and Y can be written as, Y= A.
The truth table for the NOT gate is shown in Table S6. By carefully designing switching
circuits controlled by TENG's high and low voltage states, the behavior of universal gates, such

as NAND or NOR, can also be implemented (not shown here).

Table S6

Inputs QOutput Inputs Logic Output

—P—
0 1 B _|—|_ .
1L
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Video Link S1 (binary to decimal):
https://drive.google.com/file/d/1TUOAMTKPSyEc2BuJ2zGtOqlulnNvCBZW/view ?usp=sharing

Video Link S2 (LED):
https://drive.google.com/file/d/1DXoRpg QEx3XvDmk350bTCWbr0XC50m3/view?usp=sharing

Video Link S3 (Logic gates):
https://drive.google.com/file/d/1EUgNeO90QQ575hWOPS413frMRKZ126]-r/view?usp=sharing
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https://drive.google.com/file/d/1IU0AmTkPSyEc2BuJ2zGtOq1ulnNvCBZW/view?usp=sharing
https://drive.google.com/file/d/1DXoRpq_QEx3XvDmk350bTCWbr0XC5Om3/view?usp=sharing
https://drive.google.com/file/d/1EUgNeO9QQ575hWOPS413frMRKZ126l-r/view?usp=sharing
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