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Supplementary Note 1 - UV-VIS Spectroscopy

To understand the optical absorptions of these nanosheets, UV-VIS spectroscopy was
performed for all the specimens. The UV VIS absorbance spectra in Figure S3 exhibits broad
peak (around 610nm) in visible spectra which is attributed to inter band transitions from near
the Fermi level [1]. The blue shift (decrease in wavelength) in position of this major peak along
with increase in intensity with the decrease in nanosheets dimensions has been reported in
literature [1]. Hence, it is evident that there is increase in intensity as well as blue shift in

peak position from bulk (677 nm) to exfoliated (610 nm) TiS,.
Supplementary Note 2 — Sensor response to 2TNS and 4TNS

The transient sensing response for 2TNS and 4TNS towards H,S at room temperature is shown
in figure S9. The specimen 2TNS shows maximum response of 56.4% towards 4 ppm of H,S
and can resolve till 1 ppm. The other specimen 4TNS shows maximum response of 65.27%

towards 4 ppm of H,S and can detect up to 500 ppb of H,S. However, the optimized specimen
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named 6TNS as discussed in main paper shows the optimal performance with resolution of

300 ppb at room temperature.

Supplementary Note 3 — Sensor fabrication

The sensor was fabricated on a chemically cleaned p-type Silicon substrate which was
thermally oxidized to form an electrically insulating layer of 1 um SiO;. Subsequently,
patterning of Inter-digitated electrodes (IDE’s) was carried out on the Si/SiO substrate using
optical lithography. The separation as well as the width of the electrodes was fixed to 5um.
Lastly, a thin (10/90 nm) film of Titanium/ Platinum (Ti/Pt) was sputter deposited on the
patterned substrate to create contact pads, followed by lift off. The sensing material was drop
casted on this fabricated Ti/Pt IDE, which act as a transducer. The SEM image of IDE with and

without receptor is shown in Figure S27 respectively.

The van der pauw structure (figure S26) was fabricated to determine the resistivity, hall
voltage and carrier concentration of our sample. The dispersed nanosheets were drop casted
on a blanket silicon substrate to form a continuous film of approx. a micron thick. The contact

pads were made at the four corners of the substrate using Silver paste.

Supplementary Note 4 — Gas Concentration calibration

The gas flow rate (sccm) corresponding to particular concentrations of H,S and O has been
calibrated as follows. Let us consider Cmax as the maximum concentration of cylinder and C;
as the desired concentration of the analyte under test. Let us assume that the flow rate of
reference gas and target gas is denoted by FRa and FRg respectively and these flow rates are

controlled by Alicat MFC’s. Hence C: can be calculated as follows:
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where, FRg + FRa is fixed to 500 sccm.

Using these equations, the desired gas concentration reaching the sensor was determined.

The calculated flow rates for target gas and reference gas corresponding to a particular

concentration was introduced into the chamber after precisely mixing it using a static mixture.

The flow rate values corresponding to different concentrations of H,S and O; has been

tabulated as follows:

Table S1 : Flow rates corresponding to H;S concentrations introduced into the chamber

Concentration (ppm) Reference gas (sccm)-Dry air | Target gas (sccm) — H2S
0.3 26.79 473.21
0.5 44.64 455.36
1 89.29 410.71
3 232.14 267.86
4 357.14 142.86

Table S2 : Flow rates corresponding to O, concentrations introduced into the chamber

Concentration (in %) Reference gas (sccm)-N2 Target gas (sccm) — O3
1 495 5

5 495 25

15 425 75

25 375 125

50 250 250

75 125 375

100 0 500
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Supplementary Note 5 — Mechanism of Liquid Exfoliation

Liquid exfoliation works on the principle of acoustic cavitation[2]. The layered material is
exposed to intense ultrasonic waves in a solvent. Due to ultrasonic waves, high vapor pressure
is achieved leading to high-intensity cavitation bubble. These bubbles grow in negative
pressure zone while shrink in positive pressure zone of acoustic field. Hence, the continuous
interaction of bubbles and acoustic field results into growth and ultimate collapse of these
cavitation bubbles. Subsequently high-energy jets are created on the surface of bulk material,
breaking up the bulk crystallite into exfoliated nanosheets. Hence, the resulting
hydrodynamic forces aid in disintegration of agglomerates dissolved in solvent. The choice of
solvent is another determining factor in liquid exfoliation. If the surface tension of solvent is
mismatched with that of the 2D material, the balance of stabilization and reaggregation is
broken due to the continuous Brownian motion of solvent and 2D material. Hence, the
nanosheets tend to reaggregate if the dispersion in solvent is not stable. The schematic

depicting acoustic cavitation is shown in figure S10.

Supplementary Note 6 — DFT Calculations

DFT Calculations were carried out to study the structural properties of monolayer, bilayer and
trilayer TiS,. The adsorption behavior at different sites of TiS; was also investigated as

explained below.

Structural properties:
We considered trigonal (1T) and hexagonal (2H) crystallographic phases to understand the
stability of these configurations. The structural parameters are optimized by varying the unit

cell volume and atomic positions using the total energy and force convergence criteria. The
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optimized structural parameters such as lattice parameter (a), bond length (Ti-S), vertical
height (S-S) are listed in Table 3 and also compared with the reported literature results. The
computed optimized structural parameters are in agreement with the reported literature
values [3]. We noticed that the total energy of TiS;-1T phase monolayer is 0.033 Ry smaller
than that of TiS;-2H phase monolayer. Thus, monolayer of TiS;-1T phase is energetically more
favorable than TiS;-2H phase. This observation is in agreement with previous reports [4].
Further, TiS, bilayer and trilayer are derived from the bulk structure and optimized without
any constraint. The optimized structures of monolayer, bilayers and trilayers are shown in
Figure S18, with respective structural parameters such as height between layer, bond angle
and bond length. In bilayer and trilayer TiS structures, Van der Waals (vdW) distance between

the monolayers is around 2.85A, which is half of the bulk TiS; c axis.

Adsorption behavior

We investigated various sites on the TiS; monolayer, bilayer and also different orientations of
the adsorbate gas molecules to investigate the sensing behavior of H,S and O2 gas molecules.
The adsorption of gas molecule is considered on the top of the sulfur, titanium and hollow
sites of hexagon. We also considered the adsorption of H,S from both hydrogen and sulfur
sites. The structures with adsorbate molecules are fully relaxed and the adsorption energy,
Bader charge, charge difference density and density of states are computed to understand
the sensing mechanism for each adsorbate molecule. The schematic view of all the considered
geometries for H,S and O, adsorbed on TiS; monolayer are shown in Figure S20 and Fig. S21,
respectively. DFT-D2 correction is also considered to include vdW interaction between host

and adsorbate gas molecule and also to compute the better adsorption energies. Adsorption

energy 1Is CompUted as Ead = Emonolayer/bilayer+mo - Emonolayer/bilayer - Emol" Where'
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Ermonotayerpitayer+mo aNd Emonotayer/pilayer are the total energy of gas molecule adsorbed
monolayer or bilayer and pristine monolayer or bilayer, respectively and E,,,; is the total
energy of the gas molecule. Adsorption energy is used to find the most stable configuration
of the adsorbed gas molecule on TiS; monolayer and bilayer. The more negative adsorption
energy signifies the more favorable adsorption site.

The electrical conductivity of the semiconductor depends on the band gap of semiconductor

“Eg
material asg o« e 2kT ; where E;, K and T are the band gap, Boltzmann constant and

temperature in K, respectively. The recovery time 7 of a sensor depends on the adsorption
energy as T o« exp (— %); E,q is the adsorption energy. The charge transfer mechanism is

considered as the main working mechanism in two-dimensional materials-based gas sensor.
The adsorbate molecule may behave like a donor or acceptor and thus, receive or inject

carrier from or to the host, leading to the charge transfer between adsorbate and host system.
Supplementary Note 7 — Physisorption

The physisorption here indicates that the adsorbate is attached to adsorbent with weak van
der Waal’s force of attraction. Since weak van der Waal’s forces are involved, the enthalpy of
adsorption is low and therefore adsorption is favorable at lower temperatures. The room
temperature reversible operation of the Hydrogen Sulfide and Oxygen sensor observed in
our work can be ascribed to physisorption based charge transfer. In one of the previous works
reported by Ou et al, 2D SnS, based reversible and selective NO; gas sensor has been
demonstrated. Here, the NO; gets physiosorbed onto 2D SnS, owing to the high physical
affinity and favorable electronic band positions of the material. This sensor showed reversible
response at lower temperature of 120°C which is attributed to physisorption enabled charge

transfer[5]. Hussain’s group studied physisorption of H,S and NH3 on Lithium doped Graphene
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sheet using first principle DFT calculations. They concluded that during this physisorption
process, the adsorption energy decreases while going from single molecule to two molecules.
Additionally, the work function was found to decrease while gas molecules reached closer to
the Li doped graphene sheet, indicating the strong affinity of sheet towards the analyte

molecules[6].
Supplementary Note 8 — Reversibility

Reversibility here refers to the complete recovery of the sensor to its original baseline value
when the target gas (here H,S and O3) is taken off and reference gas (dry air) is purged.
Additionally, the reversible switching behavior was observed when device was subjected to
five consecutive cycles of 3 ppm H3S. Our sensor demonstrates complete recovery at room
temperature without any external energy like UV irradiation, red light or any ion beam
irradiation [7] etc. For instance, Kumar et al. have demonstrated MoS; based reversible NO»
gas sensor at room temperature. However, they have used thermal energy and photo
excitation for the recovery of the sensor to the original baseline value[8]. Wu et al. have
employed p-type MoTe; for reversible detection of NO; at room temperature. Here again, the
recovery was done under UV illumination to develop a reversible sensor[9]. Therefore,
Reversibility is one of the important parameters for a sensor to be deployed commercially for
real time gas sensing applications. If the sensor does not recover, the sensing material will be

poisoned with the adsorbed gaseous species and degrade rapidly over a period of time.
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Supplementary Figures
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Figure S2. Raman Spectra of Specimen 2TNS,4TNS and 8TNS.
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Figure S3. UV-Visible spectroscopies of 2TNS, 4TNS, 6TNS,8TNS and bulk TiS;

Figure S5. TEM Micrograph of specimen (a) 2TNS, (b) 4TNS and (c) 8TNS
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Figure S6. STEM HAADf spectral mapping images of 6TNS specimen
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Figure S8. AFM Image of (a) 2TNS, (b) 4TNS and (c) 8TNS
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Figure S9. Dynamic Sensing plot towards HS for (a) 2TNS and (b) 4TNS at room temperature

> Compression
il Rarefaction

e
M Bubble
o/ Collapse

Bubble

Formation Unstable Explosion
of Bubble Size

Growth of Bubble

Figure S10. Schematic showing acoustic cavitation responsible for liquid exfoliation
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Figure S11. Histogram representing response % of 6TNS towards 1 ppm of different gases
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Figure S12. H,S gas sensing in the presence of (a) 40% humidity and (b) 80% humidity.
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Figure S13. O; gas sensing in the presence of (a) 40% humidity and (b) 80% humidity.
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Figure S14. H,S gas sensing of two different devices (a and b) depicting current variation
from low to high concentration and vice-versa.
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Figure S15 (a) Response time and recovery time for all conc. of H.S, (b) Repeatability test at
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different devices).
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Figure S18. TiS; optimized structures for (a) monolayer (b) bilayer and (c) trilayer with

respective structural parameters. (Here, yellow and sky-blue balls represent sulfur and
titanium atom, respectively)
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Figure S19. (a) Electronic band structure and (b) total and partial density of states of 1T-
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Figure S20: Schematic view of TiS: monolayer with H.S adsorbate molecule from (a) the
hydrogen site at top of sulfur atom, (b) the sulfur site at the top of sulfur atom, (c) the
hydrogen site towards the hollow, (d) the sulfur site towards the hollow, (e) the hydrogen
site at the top of titanium atom and (f) the sulfur site at the top of titanium atom.
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Figure S21. Schematic view of TiS; monolayer with O, adsorbate molecule (a) at top of sulfur

atom, (b) at the top of the titanium atom and (c) at the hollow site

Figure S22. Charge difference density of H,S molecule adsorbed from (a) the hydrogen site
at top of sulfur atom, (b) the sulfur site at the top of sulfur atom, (c) the hydrogen site
towards the hollow, (d) the sulfur site towards the hollow, (e) the hydrogen site at the top
of titanium atom and (f) the sulfur site at the top of titanium atom (Wine color represents
the charge accumulation and green color represents the charge depletion)
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Figure S23 : Density of states of H,S molecule adsorbed from (a) the hydrogen site at top of
sulfur atom, (b) the sulfur site at the top of sulfur atom, (c) the hydrogen site towards the
hollow, (d) the sulfur site towards the hollow, (e) the hydrogen site at the top of titanium
atom and (f) the sulfur site at the top of titanium atom.
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Figure S24. Charge difference density of (a) O2 adsorbed at top of sulfur atom, (b) Oz adsorb

at the top of the titanium atom and (c) O, adsorbed at the hollow site (Wine color

represents the charge accumulation and green color represents the charge depletion)
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Figure S25: Density of states of (a) 02 adsorbed at top of sulfur atom, (b) Oz adsorb at the
top of the titanium atom and (c) Oz adsorbed at the hollow site
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structure B

Figure S26. (a) Interdigitated device structure patterned on Si/SiO> substrate with drop
casted TiS; nanosheets and (b) vander pauw structure on silicon substrate

Figure S27. Inter-digitated Electrodes (a) without material (b) Magnified view with drop
casted material

Gas Inlet

Figure $28. In-house built Gas Sensing Set up
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Table S3: Comparison of our HS sensor with reports in Literature

S.No . Operatin
Response Response Time/ P
) Material op Recovery Time g LOD (ppb) Ref.
(%) (Seconds) Tempera
ture (°C)
1 0.1 ppm
_ 0
Pt-Sn0O» 60% @ 0.1ppm 192.4/76.5 @ 1 ppm 250 (0.1 -5 ppm) [10]
2 10ppb
rGO/WOs 980% @ 10 ppb 15/70 @ 10 ppm 330 (10 ppb — 40 [11]
ppm)
3 WS» 23@1ppm | e 200 20 g}% lip}"’gpm [12]
4 10 ppb
Sn02/ZnO 175% @ 10 ppb /513 @ Sppm 100 (10 ppb— 10 [13]
ppm)
5 50 ppb
a-Fe203 30% @ 50 ppb 30/5 @ 10 ppm 300 (50 ppb— 10 [14]
ppm)
6 PANI 0.1 ppb
nanowires/Au 20% @ 0.1 ppb 120/300 RT (0.1 ppb—1 [15]
nanoparticles ppm)
7 3 ppb
SWCNT/Au 6% @ 20 ppb 480/1200 RT (20 ppb — 1000 [16]
ppb)
8 Fex03/Au Film | 538% @10 ppm 99/1620 250 (1_15 g%’;m) [17]
9 Fe doped SnO2 o 10 ppm
nanoparticles 45% @10 ppm 5-10/95-105 @ 50 ppm RT (10-50 opm) [18]
10 20ppb
CuO-SnO: film 40% @20 ppb 1200/- @ 20 ppb 300 (20 ppb - 10 [19]
ppm)
11 SnO> 0 10 ppm
nanowireRGO | 2070 @ 10 ppm 21292 RT (10-100 ppm) [20]
12 20 ppb
In203 50% @ 20 ppb 1800/300 RT (20ppb - 20 [21]
ppm)
13 10 ppb
CuO NW 57% @ 10ppb | e 325 (10ppb-500 [22]
ppb)
14 o 100 ppb
ZnFe204 NF/RGO 460% % 100 <10/~500@ 1 ppm 350 (100ppb to 1 [23]
PP ppm)
15 100 ppb
Fe203 120% @ 100
Ellipsoids opb 0.8/2.2 @ 50 ppm 260 (100 ggrt; )— 400 [24]
16 Sn02/RGO/ o 50 ppb (50 ppb-
PANI NC 3.18% @50 ppb 82/78 @ 2 ppm RT 1 ppm) [25]
17 293K
CuO NP 3.5% @ 0.2 ppb 200/1000 (19.85de 0.2 ppb (0.2 [26]
oC) ppb- 1 ppm)
18 CdS decorated 104% @ 0.5 L 9 0.5 ppb [27]
NiO nanofilm ppb (0.5 100 ppb)
19 ZnO nanorod 3800% @
bundlos S0ppin 300/250 @ 50 ppm 500 50 ppm [28]
20 Au functionalized 5
710 nanowires 3700% @ lppm -/170 @ 5 ppm RT 1 and 5 ppm [29]
21 . 5 ppb
Zn0 “31‘111‘1’1‘)”“ 20| 404 @5 ppb 258/882 @ 50 ppb 300 (5 ppb — 200 [30]
ppb)
22 ZnO/Cu0O o
Nanowire 1130% @500 360/1800 @ Sppm 200 0 50‘5 31’5’“‘ [31]
network pp (0.5-30ppm)
23 20 ppb
ZnO nanowire 2% @ 50 ppb 180/60 @ 2 ppm 150 (50 ppb -5 [32]
ppm)
24 ZnO o 1 ppm
nanowire/Cobalt 69% @ 5 ppm 26/175 @ 10 ppm RT (5 =50 ppm) [33]
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Phthalocyanine

Heterojunction
25 Cu doped ZnO ! ppm
0, —
anofibers 75% @ 1 ppm 18/20 @ 10 ppm 230 (1 ppm— 10 [34]
ppm)
26| 70 microsphere | 280% @ 50 ppb 219/227 @500 ppb 220 >0 ppb [35]
(50 — 1000 ppb)
27 5 ppm
ZnO nanorod o
(spray pyrolysis) 400% @ 5 ppm 50/20 @ 5 ppm RT (5 ppm — 500 [36]
ppm)
28 CuO 5 5om
functionalized 8% @ S ppm -/5000 @ 50 ppm 50 5 11(;8 [37]
ZnO tetrapods G- ppm)
29 10 ppb
Zn0 hollow 600% @ 10 ppb 61/59 @ 10 ppb 217 (10 ppb to 1000 [38]
tubules
ppb)
30 10 ppb
ZnO-CuO 8.6% @ 10 ppb 78/70 125 (10 ppb — 10 [39]
ppm)
31 0 10 ppb
W-WO3 ;;Z‘M @10 12/19 @ 1ppm 150 (10 ppb— 1 [40]
ppm)
300 ppb
0,
TiS2 74% @300 19.87/48 @ 4 ppm RT (300 ppb- 4 Our work
ppb
ppm)
Table S4 — Comparison of our Oxygen sensor with reports in Literature
SI. | Material Response% Response/Re | Operating LLOD Refere
No covery Time | Temperature | (Concentration nce
Range)
1 Pt-In,03 6230% @ 20% 50/40s 200 2.5% (2.5% to 20%) [41]
2 Zn0 5000% @ 97% <300s/<500s 200 97% (only 97%) [42]
3 TiO, 7000% @ 1.8% 500s/300s 100C 200 ppm (200 ppm- | [43]
20%)
4 STFO 356% @ 1% 2.1/135s 700C 1% (1% to 20%) [44]
5 SrTiO3 100% @ 20% 96/300s 40C 20% [45]
6 Graphene/TiO, | 7% @ 134 ppm 193/135s RT/UV assisted 134 ppm (134 ppm - | [46]
100%)
7 MWCNTs/PVAc | 3000% @ 5% <100s/<120s 400C 5% (5% to 20%) [47]
/TiOz
8 Zn0 9.5% @ 20% 3500/4500s RT 20% (only 20%) [48]
9 MoS; 869% @ 2% <300s/<500s 300C 2% (2% - 100%) [49]
10 TiO; 15% @ 1% 50s/60s RT 1% to 16% [50]
11 TiS; 5% @ 20% 720s/-- 50 15% to 20% [51]
12 Sn0; 13% @ 20% 1800s/1800s RT Only 20% [52]
13 CuAlS; 15% @ 20% 92.4s/120s RT Only 20% [53]
14 CuFeTe; 0.88% @ 20% 54 s/600-1200s RT 20% and 100% [54]
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15 Pt-In,03 95% @ 20% 1080s/2100s RT 5% 20to 20% [55]
13 TiS, 34.8% @ 1% 78/70s for 15% | RT 1% Our
oxygen work
Table S5 - Comparison of the structural parameters of 1T and 1H TiS; phases
Structural Our results Reported results
parameters
1T-TiS; 1H-TiS; 1T-TiS; 1H-TiS;
a 3.3973A 3.3328A 3.35%, 3.40P, 3.41¢, 3.424 A 3.33°A
c 15A 15A
d 2.426 A 2.40°,2.434A 2.450A
h 2.856 A 2.83d,2.84¢,2.85¢ A
Band gap 0.85 eV 0.48¢,0.62b, 1.12¢ eV
Total energy -316.5985428 Ry -316.56586107 Ry

h = Vertical distance (S-S), d = bond length (Ti-S)

3Ref. [56], PRef. [57], °Ref. [2], “Ref. [58], ®Ref.[59]
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