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1. TEM images of multiwalled CNT and nanolayered WS:

Figure S1. (a) TEM image of multiwalled CNT having an outer diameter of ~15 nm. (b) TEM
image of WS, nanolayers (typically two to three layers) used for functionalizing CNTs to
improve the chemical sensitivity.
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2. UV-visible absorption spectra of WS: and multiwalled CNT dispersions
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Figure S2. (a) Photograph of WS: dispersion in DMF with concentration of ~0.2 mg mL!. (b)
Absorption spectrum of WS, dispersion showing distinctive excitonic signatures at 463 (2.68),
538 (2.30), and 642 nm (1.93 eV). (c) Photograph of CNT dispersion in DMF with concentration

of ~2 mg mL". (d) Absorption spectrum of CNT dispersion.
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3. SEM images of pristine and CNT-coated cellulose paper

Cellulose + CNT

Figure S3. SEM images of (a) pristine cellulose paper and (b) CNT-coated cellulose paper.
Microscale fibrous cellulose structures are maintained without significant changes even after
multiple CNT coatings. The CNTs form a percolation network on the surfaces of the cellulose
microfibers. Right panels in (a) and (b) show enlarged views of the red box in the corresponding
left panels.



4. Electrical characterization of CNT-WS2-cellulose with respect to number of coatings
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Figure S4. (a) I-V curves of CNT-coated cellulose paper versus number of DMF immersions,
measured as a control experiment. The DMF, which is used as a solvent to disperse WS>,
increases the resistance of the CNTs. The reason could be interaction between CNTs and methyl
group in DMF, which could change the carrier concentration in CNTs by charge transfer.! (b)
I-V curves of CNT-coated cellulose paper for various numbers of WS, coatings. Although DMF
significantly increases the resistance of the CNTs, as shown in (a), the addition of WS;
suppresses the increasing trend of the resistance, suggesting that the locally deposited WS>
contributes to the decrease in the resistance of the CNTs. (c¢) Characterization of resistance
increase of CNT-coated cellulose paper after the interaction with DMF and WS,-dispersed DMF.
The differences originate from the presence of WS,. Thus, the influence of DMF on the
resistance can be ruled out. The resistance decrease of the CNTs resulting solely from the WS>
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coating is characterized and presented in Figure 3b of the main text.
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Figure S5. Energy band diagram of multiwalled CNTs and WS». Both CNTs and WS> behave as
a p-type when they are expose to ambient air owing to physisorbed oxygen molecules, which
take electrons from the CNTs and WS,.>* At their interface, the difference between the work
function of CNTs (4.4 eV)® and the Fermi level of WS: (4.7 €V)° results in hole transfer from

WS, to the CNTs, which increases the carrier concentration and ultimately decreases the
resistance of the CNTs.
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Figure S6. Reproducibility of CNT coating process. As the number of CNT coatings increases,

the resistance variation between the two cellulose papers becomes negligible, showing the
reproducibility of the sample preparation process.



5. Improvement of sensing response by WS: functionalization
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Figure S7. Energy band diagram of multiwalled CNTs and WS> upon exposure to NO:
molecules. (a) NO2 molecules withdraw electrons from both the CNTs and WS> when they are
adsorbed on their surfaces.”” Therefore, the hole concentration in the CNTs and WS, increases
compared to that in pure air. (b) The energy level difference transfers the hole carriers generated
by NO> adsorption from WS> to the CNTs. Thus, the hole concentration in the CNTs increases
further, resulting in a larger change in the resistance than the NO; response of CNTs alone. Note
that the WSz nanolayers are locally deposited on the CNT percolation network, which does not
form an electrical pathway, as shown in Figure 2b.
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Figure S8. (a) NO» response of sensors prepared with 5 CNT coatings, 10 CNT coatings, and 5
CNT coatings with an additional 5 WS, coatings. All the experimental conditions, such as the
NO: concentration (10 ppm) and flow rate, are identical except for the number of nanomaterial
coatings. Increasing the number of CNT coatings does not further enhance the NO> sensing
response (black and red curves). However, the addition of WS, significantly improves the
response, by over 220%, experimentally demonstrating the utility of WS> functionalization. (b)
10 ppm NO; and NHj3 sensing responses measured by two sets of sensors with different number
of CNTs coating. Our sensor shows highly reproducible sensing responses toward both NO; and

NHs.
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Figure S9. Improved NO: desorption of CNT-WS; hybrid obtained by UV (254 nm) irradiation
during recovery cycles.
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6. Comparison of main performance parameters with those of other nanomaterial-based
flexible NO: sensors

Table S1. Many outstanding gas sensors have been suggested using carbon nanomaterials with
high NO; sensitivity.'®!? In addition, some flexible NO, sensors show better sensitivity than our
device. However, our sensor exhibits better bendability than others, and, importantly, twistable
NO: sensors have not been reported to date. Furthermore, the sensitivity of our sensor is the
highest among those of the reported carbon-nanomaterial-based sensors fabricated on a paper
substrate. All these features result from the improved sensitivity obtained by WS>
functionalization and the high deformability of the paper substrate.

c Lowest NO2
Sensing Bending Twisting Conc Sensitivity
BUIERTELS Material Radius Angle (°) Measured (% ppm™) Ref.
(mm)
(ppm)
0.25 mm o 4.57 (0-2 ppm) Our

Paper CNT-WS, (0 = 180°) 1800 0.1 0.84 (2-10 ppm) work

Paper Graphite - - 0.05 1.49 13

Paper Graphene £=0.5% - 200 0.2* 14

Paper CNT - - 40 0.3375% 15

_ o 9.50* (0.5-5 ppm)

Paper PbS CQDs 0 =180 - 0.5 0.38%(5-50 ppm) 16
PI MosS, 7 mm - 25 2.0%* 17
PI Graphene 1 mm - 1 1.067 18
PI Graphene-Al 1.9 mm - 1.2 0.2875* 19
PI MoS,-Graphene 1.9 mm - 1.2 3.03* 20

CNT-Graphene- R
PI/PET WO, 0=90 - 1 2.5% 21
PET Ag-S-RGO 10 mm - 0.5 5.6% 22
MWCNT- o
PET PSSMA-PAH 0=1:60 - 1 1.0716 23
PET RGO-MoS,-PtNP 4 mm - 0.5 0.12%* 24
PET Graphene e=1.39% - 200 4.17* 25
PET Graphene 50° - 1 2.78* 26

- Asterisk (*) implies the recalculated values
according to the definition of sensitivity:
([Rg-Ro|/Ro)x100/Ac, where Ry is the initial
resistance, R, is the resistance measured in the
NO., and Ac is the change of NO, concentration.

- Bending radius (R) and angle (0) are defined as
shown in left. Bending strain is defined as (¢ = 100
x d/2r), where d is the thickness of substrate and r
is the radius of curvature.?’
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7. Preparation and sensing responses of CNT-MoS:-coated cellulose paper
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Figure S10. Our approach can be extended to functionalize CNTs with other TMDCs such as
MoS; nanolayers. (a) Photograph of MoS, dispersion in DMF. (b) UV-visible absorption
spectrum of MoS», clearly showing excitonic signatures at 465, 618, and 678 nm. (c) Raman
spectra of pristine cellulose (green line), CNT-cellulose (red line), and CNT-MoS;-cellulose
(blue line). After MoS: coating, distinctive Raman peaks from MoS; are observed at 393.2 cm™!
(E'2g) and 420.1 cm ™! (Ayg). (d) Sensing response of CNT-MoS; hybrid to 10 ppm NO; exposure.
MoS; functionalization also improves the sensing response compared to that of CNTs alone. In
addition, UV irradiation greatly promotes the recovery and reduces signal drift.
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8. Temperature coefficient of resistance of CNT-WS:z-cellulose
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Figure S11. (a) Temperature dependent /- curves of CNT-WS;-cellulose paper measured at 50,
100, 150, and 200°C in air. (b) Corresponding resistance change with respect to temperature and
its temperature coefficient of resistance (—0.24%/°C). Increasing the temperature decreases the
resistance, but the resistance change is much smaller than that under NO> exposure.
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9. Room-temperature NO2 sensing
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Figure S12. (a) NO: sensing response of CNT-WSs-cellulose measured at room temperature
with sequentially increasing NO> concentration from 1 to 10 ppm. Although the response is
slightly lower at room temperature than at 150°C, the sensor can sensitively detect NO:
molecules. (b) Transient sensing response of CNT-WSs-cellulose with and without UV
irradiation at room temperature. The UV irradiation facilitates the NO> desorption and reduces
the signal drift.
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