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Abstract

Molybdenum Disulphide (Mo0S;) has emerged as a promising material for the development of
efficient sensors. Here, we have exfoliated and decorated MoS; flakes with the novel, single-
phase  multi-component (Silver-Gold-Cupper-Palladium-Platinum  (Ag-Au-Cu-Pd-Pt))
popularly named as high Entropy Alloy (HEA) nanoparticles using facile and scalable low-
temperature grinding, followed by sonochemical method. It is found that the decoration of
HEA nanoparticles imparts surface-enhanced Raman scattering effect and reduction in the
work function of the material from 4.9 to 4.75 eV as measured by UV photoelectron
spectroscopy. This change in the work function results in a schottky barrier between the gold
contact and HEA decorated MoS; flakes as a result of drastic changes in the surface chemical
non-stoichiometry. The response to hydrogen gas is studied at temperatures 30 to 100 °C, and
it shows unusual p-type nature due to surface adsorbed oxygen species. The nanoscale junction
formed between HEA and MoS; shows a 10 times increase in the response towards hydrogen
gas at 80 °C. The experimental observations have been explained with DFT simulation showing
more favourable hydrogen adsorption on HEA decorated MoS; resulting in an enhanced

response.
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Introduction

The high surface area of the atomically thin materials (2D materials) utilized for different kinds
of applications starting from electronics, energy generation, biomedical, and sensors'=.
Further, the varied and tunable electronic properties of these materials make them a hot cake
for various optoelectronic applications. The Transition Metal Dichalcogenides (TMDs) are one
of the exciting family of 2D materials, which are reported to be interesting for their varied
physical and chemical properties®. Particularly in the area of chemical sensors, with the
discovery of graphene and TMDs, the onus has been shifted from metal oxide materials to them
due to their excellent sensing properties such as sensitivity at relatively low operating
temperatures’. Hydrogen (H,) is a low density, colourless, odourless gas. It has an extensive
flammability range (4-75%) by volume in air, and it has a vast utility as a fuel space as well as
territorial applications®. Hence, it is essential to monitor the possible leakage at low
temperatures as well as lower concentrations with high sensitivity. Most of the metal oxide
semiconductor-based H, sensors operated at much higher temperatures (>200 °C)°. Therefore,
a suitable low operating temperature sensor device is required, which can be energy efficient
and used without a power-hungry heater assembly. The high chemical sensitivity of the
molybdenum disulfides is utilized for the development of a different class of gas sensors’-10:11,
In contrast to the bulk TMDs, the fact they can be exfoliated into individual layers of a single
atom thick sheets makes them far more responsive than that of the bulk counterpart. These
individual layers of MoS; (or any TMDs) are stacked in bulk employing weak Van der Waals
forces and hence can be easily exfoliated. These single sheets have a much higher surface area
as well as active sites like edges, vacancies, dangling bonds, etc; hence have a much larger
change inthe conductivity as a result of surface adsorption of gases®. However, the major issue
of the MoS; based sensors is their lower sensitivities and large response time, i.e., time taken

by sensor to reach 90% of the saturation for a given concentration of gas as well as recovery



time, i.e., time taken to come back to 90% of the saturation value upon withdrawing the test
gas. This large recovery times arise due to high binding energies of the gas molecules on to the
highly reactive MoS; surface’ 2. This could be addressed by making heterostructures of MoS;
with different materials having better electronic properties such as- nanoparticles of metals,
alloys, oxides, other chalcogenides, etc®. However, the methods of synthesis of such
heterostructures are quite complicated and involve multistep. Thus, a simple, facile, and
scalable method is always desirable.

Recently developed, multicomponent High Entropy Alloys (HEA) have attracted a lot of
attention due to its unique properties, which are distinctly different than that of its individual
componentst3 . The structural stability and high chemical activity of these HEA have been
utilized in structural and energy generation applications. Recent literature reported the
combination of strong (Pd, Pt) and weak (Ag, Au) absorption strengths of hydrogen,
AgAuCuPdPt alloy has excellent catalytic activity in electro-reduction of formic acid, towards
the production of CO, and H; even at zero bias> 6. Therefore, in current work, we have
synthesized a hybrid consisting of nanoparticles of HEA and MoS;. The HEA (Ag-Au-Cu-Pd-
Pt) nanoparticles are uniformly decorated on the 2D sheet of MoS,. The hybrid is further used
for gas sensing properties. In order to gain insights into efficient hydrogen sensing, we have
performed DFT calculations. It was found that there is a significant structural change at the
interface of HEA and MoS;, due to charge transfer between the two components, which leads
to its stability. The hydrogen adsorption was more favourable at HEA sites rather than that at

MoS,, which could explain the enhanced hydrogen gas sensing by HEA- MoS; composite.



Experimental
Materials

The Molybdenum disulfide (99%) was obtained from Thermo Fisher Scientific (USA) and
used for cryomilling without any processing. Similarly, the metals purchased from Thermo
Fisher Scientific (USA), Copper, Silver, Gold, Palladium, and Platinum were used to
synthesize HEA NPs using arc melting, followed by the cryomilling process. The DMF(N, N-

Dimethylformamide) 99% was also purchased from Thermo Fisher.

Nanoparticles preparation

Equiatomic (Auo.20Ago.20CUo20Pdo 20Pto20) HEA nanoparticles have been prepared using arc
melting and casting, followed by the cryomilling method. The all five metals in equal molar
ratio have been arc melted and cast as ingot in an inert atmosphere and homogenized at 1000
°C for 24 h. Subsequently, the cast ingot has been parted into smaller pieces and cryomilled
until the formation of finely dispersed nanoparticles, and the detailed process can be found

elsewhere?’,

Exfoliation of MoS;
The MoS; powder has also been cryomilled for 7 hours, and the sample has been collected in

2,4, and 7 hours for characterization. After 7 hours of cryomilling, the MoS; powder has been
dispersed in 50:50 ratio water/DMF (Dimethylformamide) using ultrasonication. In addition,
1 wt% AgAuCuPdPt HEA nanoparticles also added and sonicated for 30 hours using

ultrasonicator operated at 40 Hz, 150 watt for exfoliation of multilayers MoSs.

Characterizations
The MoS; powders have been collected after 2, 4, and 7 hours of cryomillingand characterized

using X-ray diffraction (Panalytical, Cu target, A = 0.154026 nm). The exfoliated MoS; in
50:50% DMF/water has been washed with methanol using ultracentrifugation and dispersed in
methanol. The one drop of washed and dispersed MoS;-NPs was placed over a carbon-

supported TEM grid (600 mesh Cu) and dried overnight before Transmission Electron



Microscopic (TEM) analysis (FEI, Titan G? 30-600, operated at 300 kV). Similarly, one drop
placed over the glass slide and dried overnight for Raman Spectroscopy analysis using 532 nm
laser. The samples were drop casted on to gold-coated glass slides for X-ray Photoelectron
spectroscopy (XPS) and Ultraviolet photoelectron spectroscopy (UPS) measurements

(Omicron ESCA 2SR XPS system equipped with Mg K, 1253.6 eV and He | 21.2 eV)

The gas sensing studies have been done in an in house-built sensor characterization system.
The details of the system can be found elsewhere'®. For measuring the sensor properties, the
samples suspended in ethanol are drop-casted on the Si substrate, having thermally grown
oxide layer and Au interdigitated electrodes deposited by DC sputtering. The sensor current/
resistance is monitored at different temperatures in the presence of various gas concentrations.

The sensor response is calculated, as shown in Eqg. (1)
AR
Sensorresponse% = - X 100 ...(1)

The response was measured for various gases, including Hydrogen, NO2, NHs, and volatile
Organic Compounds (VOCs). Further, the effect of relative humidity on the response of the
sensor was studied by passing the dry air (carrier as well as diluting gas) into bubblers of water
maintained in a constant temperature bath.

Computational Methodology

Density functional theory (DFT) was utilized for all theoretical calculations, as implemented
in the Vienna ab initio simulation (VASP) software (5.4.1 version)*°. Electron-ion interactions
were described using ultrasoft pseudopotentials?. The Perdew-Burke-Ernzerhof (PBE) method
of generalized gradient approximation (GGA)?* was used to approximate the electronic
exchange and correlations. A vacuum of 15 A was kept in the z-direction to avoid spurious

interactions between the periodic images.



Results and Discussion

Figure 1(a) shows the schematics of measurement of current/resistance on the exposure of H;
gas over the surface of MoS; nanosheets. The MoS; nano-flakes were prepared using inhouse
designed low temperature (<123 K) grinding. The layered MoS; structure was massively been
fractured/exfoliated at extremely low temperature and forms 2D- MoS,. Subsequently, the
nanosheet of MoS; decorated using HEA (Ag-Au-Cu-Pd-Pt) NPs allow on its surface. It is
confirmed using Raman spectra of MoS; nanosheet with and without NPs, as shown in Figure
1b. In the case of HEA NPs decoration, Raman band red shifted by ~2.5 cm™, which could be
due to the functionalization of Ag-Au-Cu-Pd-Pt NPs over MoS,. The intensity Ezq (381 cm™;
in-plane vibration) and A.q (406.7 cm™; out of plane vibration) of the bulk MoS, with MoS;
nanoflakes after 30 hours sonication shows quite higher intensity. The process of cryomilling
in successive hours (2, 4, 7 hours) has progressively led to reduction of the MoS, Raman
intensity, as shown in Figure S1(a), [Supplementary information] which is considered the
evidence of nanostructure formation by cryomilling. In addition, the process of the 7 hours
cryomilled followed by 30 hours sonication has led to a drastic decrease of the intensity of Eyq
and Aaq band, as shown in Figure S1(a), which reveals the nanostructured formation with few
layers of MoS,. However, the addition of high entropy alloy nanoparticles (Ag-Au-Cu-Pd-Pt)
in 7 hours cryomilled MoS; cause of enhancement of the intensity, indicating that the HEA
alloy NPs impart surface enhance Raman scattering effects possibly due to electromagnetic
field redistribution??,

The X-ray diffraction (XRD) pattern of MoS; nanoflakes with NPs reveals the presence of
constituent phases, as shown in Figure 1c. Successive hour of milling as shown in Figure S1(c)
[Supplementary information] reveals that the intensity peaks in the XRD pattern continuously
decreasing, as the time for cryomilling increases due to massive fracture multilayer MoS;,

which could result in reduced intensity in diffraction pattern as shown in inset of Figure S1(c)



(002) peak. Besides, it was observed that the FWHM of the (002) increases with increasing
cryomilling time in Figure S1(c). The photo-absorption (UV-visible) of nanostructured MoS;
is shown in Figure 1d, and it is found to be weak as compared to that of bulk counterparts?3. It
is further weakening in intensity as milling time increases, as shown in Figure S1(b). The bulk
MoS; after 30 hours ultrasonication reveals the highest absorbing band at 395, 450, 612 and
674 nm, which can be attributed to near band edge absorption of direct bandgap (rising edge at
700 nm), the four excitonic absorptions (612 (A) and 674 nm (B) near top of valance band and
460 (C) and 395 (D) from deep valance band respectively)*. However, the HEA NPs in the
methanol show surfaces plasmon resonance band at nearly Amax = 284 nm. Consequently, the
combination of MoS; decorated with NPs reveals the combined absorption pattern, as shown
in Figureld. The cryomilled MoS; with the addition of 30 hours ultrasonication was found
continuously decreasing the intensity and increasing the full width at half maximafor 2, 4, and
7 hours of milling, signifying that cryomilling leads to nanostructured MoS; with exfoliated in

a shorter time of ultrasonication in the solution.

The size and crystallinity of MoS; flakes functionalized or decorated with HEA nanoparticles
have been estimated using Transmission electron microscopy. Figure 2(a) shows the bright-
field TEM image of a few-layer MoS; sheets, and Figure 2(b) is selected area electron
diffraction pattern of monolayer or few layers MoS,. The NPs were decorated with MoS; as
sheen in Figure 2(c) and confirmed by electron ring diffraction pattern shown in Figure 2(d).
The high-resolution TEM image of single NPs is shown in Figure 2(e) and Fast Fourier fileted
image of HRTEM single nanoparticles shown Figure 2(f), where the plane (111) has been
marked and coloured atoms position have been marked for the simple representation of NPs
surface (atoms position was not experimentally determined). In addition, chemical

homogeneity and composition of nanoparticles have been confirmed with TEM-EDAX



mapping, and energy spectra are shown in Figure 2(g-h), and the inset shows the HAADF

image of a nanoparticle.

In order to study the effect of addition of HEA NPs on chemical stoichiometry and electronic
structure, the X-ray and UV photoelectron spectroscopy of both the samples were conducted,
and the results obtained are analyzed and presented in Figure 3. It is seen from Figure 3(a) that
the Mo 3d core level XPS spectra is quite complex unlike CVD grown single MoS; sheets.
Several peaks were observed in this region, which have been attributed to core levels of S 2s
and Mo 2p for Mo** and Mo®* oxidation states. The peaks are resolved considering the spin
orbit coupling for the total angular momentum of Mo 2p 3/2 and 1/2 for each oxidation state.
Ideally, for clean, stoichiometric MoS;, only Mo** state is expected. However, it is observed
that a significantly large Mo®* contribution, which could be resolved clearly in either case i.e.
at 229 and 232 eV for 3/2 of Mo* and Mo*® respectively. The detailed quantification of XPS
data is summarized in Table S1 in supporting Information. Moreover, the relative contribution
of Mo®* was found to be higher for HEA decorated MoS; sample. This implies that there exists
a surface or edge oxidation layer on the MoS; flakes, which results in the formation of “Mo0Os
like” character as found in literature? 2, Similarly, S 2p core level spectra shown in Figure
3(b) reveals more than one oxidation states for S (5%, S,?) as well. Along with this, metal
sulfide peaks could also be seen at lower binding energy i.e.,159.80 eV. In addition to anionic
sulfur, several peaks have been found on higher binding energy, which reflects a more
positively charged nature of sulfur ions and hence have been attributed to oxidized sulfur i.e.,
SOx. Hence, this supports the existence of surface oxidation with observed higher Mo®* ratio

in the same.

It is known from the literature that when MoS; is made by physical methods such as sputtering,
laser ablation, etc. and exposed to air; it results in surface oxidation?® due to poor crystallinity

as well as rather large surface area. Thus, itis important to examine the O 1s core level in these



samples, and it has been shown in Figure 3(c). Normally, the photoemission from 1s core level
of oxygen ion, which is directly or covalently bonded to the metal ion, appears at binding
energy 529.5 = 1 eV. In this case, a peak is observed at 529.6 eV, which corresponds to oxide
ion. This could be the oxygen bonded at the edges or surface, as mentioned above and in the
literature'> However, this peak could be deconvoluted into two peaks i.e., having another peak
at higher binding energy than that of 529.5 eV, which could arise because of surface defects,
chemisorption etc?®. This presence of oxide ions are known to give rise to p-type conductivity

due to electron withdrawing nature of oxygen?°.

The Ultra Violet (UV) photoelectron Spectroscopy (UPS) was performed to examine the
changes in the work function of the sample upon decoration with HEA NPs. As seen in Figure
3(d), as a result of HEA decoration on MoS; flakes, the secondary electron cut off is shifted
towards higher binding energy, which reflects a lower work function of the HEA decorated
sample. The work functions calculated have also been verified using Kelvin Probe system
(from KP Technology, UK) at room temperatures, and the values measured are about 4.4 eV
and 4.0 eV for bare, and HEA decorated MoS;. These values are in good agreement with those
measured using UPS (photon energy — (Secondary electron cut off — Fermi energy). Thus, it
is evident that the HEA nanoparticles affect the electronic transport of the material, which may

resultin forming a schottky barrier.

Figure 4(a) and 4(b) shows the current-voltage characteristics of pristine MoS; and HEA:
MoS; respectively as a function of temperature. As seen from Figure 4(c) the devices made
using Au electrodes show a linear I-V characteristic for pristine MoS;, as expected?’. On the
other hand, the HEA: MoS; shows a nonlinear I-V characteristic indicating a non-ohmic, i.e.,
schottky nature accompanied with lower conductance of the device. This could be due to a
change in the chemical potential of MoS; upon decoration with HEA NPs. However, both the

devices show semiconducting nature, i.e. the instantaneous resistance decreases upon heating.



Thus, in order to extract the barrier height between at the metal-semiconductor junction in
either case, the I-V is analysed for thermionic emission mechanism as it is dominant in absence
of any gate voltage (two probe device). Here, the thermionic emission current is given by the

following Richardson —-Dushman equation (2)28:2°

[ = SAT2e i [1— el ,
e k7 [1— ekr] )

Where, | is the current obtained at applied bias V, T is absolute temperature, q is the charge of
electron, k is Boltzmann constant, A* is Richardson constant and S is the area of the device.

The same equation (2) may be written in the form of equation (3) as

Inln(1/T?) = IninC — g, (3)
qv
Where, C = SA*[1 — ekT] 4)

Thus, from Eq (3) when Inln(I/T?) is plotted as a function of 1/T, the slope gives the value
of barrier height ¢ = |D,10ta1 — Psemiconductor |- 1deally, the slope value obtained is further
plotted against the value of potential applied to get the y-intercept i.e. inthe limit of zero bias?®
30 However, we have observed that the slope is practically independent of bias (See Figure S2
in supplementary information) i.e. the barrier is sufficiently high and the change in barrier with
application of electric field is minimal. This is also evident from the three orders of magnitude

lower currentin comparison to that of the ohmic contact formed without HEA nanoparticles.

Thus, the barrier height, ¢ value obtained from Figure 4(d) are 0.195 and 0.35 eVs for bare

MoS; and HEA decorated MoS,, respectively. Considering the work function of gold, 5.1 eV,
the work function values deduced for bare and HEA decorated MoS; are 4.9 and 4.75 eV

respectively. These values are in good agreement with those obtained using UPS measurements

10



and KP measurements. This implies that upon decoration with HEA nanoparticles, the work

function of MoS; has decreased as already seen from Figure 3(d).

The gas sensing response of the devices was studied using two probes on the exposure of
various concentrations of hydrogen gas at different temperatures on the surface of MoS;+HEA
as shown in Figure 1(a). As can be seen from Figure 5(a), the bare MoS, without HEA NPs
shows fairly low response to 1000 ppm hydrogen gas at room temperature (i.e. 30 °C).
Nonetheless, the HEA: MoS; shows a nearly 10 fold increase in the sensor response when
heated to moderate temperatures like 50-80 °C. The bare MoS; shows consistently low
response at all temperatures while, the HEA: MoS; sensor response shows a maximaat 80 °C
and drops when heated beyond. Further, when the response is studied towards various
concentrations of hydrogen at various temperatures, it is found to obey power law of
semiconductor gas sensors (equation 5)3!, as shown in Figure 5(b).

S =ACP ()

Here, this equation can be deduced from Fruedlich adsorption isothermwherein Aiis a prefactor
governing the adsorption kinetics and n is the exponent which depends on surface coverage®2.
Moreover, the HEA NPs when decorated over MoS; not only enhance response but also
showed improved response time and recovery times. For instance, the comparison of the
response and recovery time for pristine MoS; and HEA:MoS; is shown in Figure 5(c). Here,
the response and recovery times are calculated as time required to reach the 90% of the
saturation value and 90% under the saturation value respectively. It may be observed from
Figure 4(c) that the sensors of pristine MoS; and HEA:MoS; take 10 min and 15 min as

response time while 7 min and 16 min as recovery times respectively.

The Faster response may be due to catalytic activity of the HEA NPs which helps in improving

the number as well as rate of the surface adsorption of the target gas molecules. For practical
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applications it is ideal that the sensor responds and recovers faster as shown in Figure 5(d) for

various concentrations of hydrogen. These obtained time constants with high response are

much smaller than those reported to date to the best of our knowledge!? 2°,

Table 1 shows the comparison of the response of MoS,-HEA device to that of other MoS; and

noble metal decorated MoS; devices reported in the literature. Although the temperature of

operation of the MoS;-HEA device is little higher than room temperature, it shows a vast range

of concentration detection limit, i.e., from few ppm to 0.5% H; in the air with respectable

sensitivity down to ppm level as seen from Figure 5. This could be of practical relevance to

leak detection and monitoring ambient levels for safety etc.

Table 1. The comparison of the response of MoS;-HEA device to that of other MoS; and noble

metal decorated MoS; devices reported in the literature.

Sample  Operating Gas Selecti  Range Response Respons Recov  Reference
compositi  Temperat vity e Time ery
on ure (sec) Time
(sec)
MoS, + 80 H> Yes 20-5000 AR/Ra*100= 600 s 420s This work
High 32%
entropy @1000ppm
Alloys
Graphene/ 150 NH NO 10-1000 5% @ 100 5 40 2
MoS, 2 ppm
Heterostr NO NO 0-100 7% @ 5 ppm 5 40 2
ucture 2
MoS, 60 NO  YES 1-5 AR/Ra*100= 16 172 30
Nnaowire 2 18% @5ppm
network
MoS,/ RT NO YES 0.5-10 AR/Ra*100= 600 100 81
SnO, 2 28% @10ppm
MoS, with RT NH No 1-70 38% @ 70 ppm No No 82
Pt 3 NH3 & saturatio recove
nanoparti nin600 ryin
cles sec 600s
H2S 10-70  11% @ 70 ppm
H2S
MoS, with RT H: No 50-10000 35% @10000 2000 1500 33
Pd data ppmH2
nanoparti
cles
MoS, RT Ha No 10-500 36.5%at 100 10 6 34
Nanosheet data ppm
s
Pd-SnO,- RT H.  Moder 30-5000 15% at 5000 10 20 35
MoS, ate ppm
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Hydrogen is a reducing gas, i.e., it donates an electron when it surface adsorbs. This electron,
when received in an n-type semiconductor, leads to an increase in its carrier concentration and
hence resistance drops. While in p-type semiconductors, it recombines with some of the holes
and thus decreases the carrier concentration, and hence resistance increases. The rise in
resistance observed in this study denotes that the observed behaviour is that of the p-type
semiconductor, and this p-type behaviour was attributed to the surface oxygen adsorption on
MoS; flakes. Further, the type of carriers is also confirmed by hall measurements. The lower
work function implies that the fermi level (zero binding energy line) moving closer to the
conduction band (away from valance band), which will make the barrier height more for n-
type material. On the other hand, the fermi level moving closer to the valance band will make

the barrier height higher for p-type semiconductors.

High entropy alloys are solid solutions of five metal atoms, which are otherwise highly
catalytically active materials. Whenever such catalytically active metal atoms are attached to
semiconductor gas sensor material, it is known to enhance the sensor response by two
mechanisms, i.e., controlling the fermi level and spill over mechanism. The Fermi level control
results due to changes in electronic transport as a result of the formation of a depletion region,
while the spill over refers to the catalytic effect of these particles®®. The spill over model is
described as enhanced adsorption of gaseous species on metals and self-transportation of these
species on to the supporting sensor material®’. Here, the support material does benefit from
additional gas species adsorption, which it does not achieve otherwise. The noble metal
elements, particularly Pd®® and alloys of noble metals, enhance the surface adsorption for
hydrogen due to such dissociative adsorption of hydrogen atoms®®-4! followed by transfer of

adsorbed gas molecules/ atoms to the support materials, i.e. M0oS; in this case. This transfer
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further results in improved charge transfer and hence better catalysis or sensor response. On
the other hand, as seen from Figure 4, the electronic levels of the semiconductor are affected
upon decoration with metal nanoparticles. At the junction of metal and semiconductor, there
exists a barrier due to charge transfer. Metals being strong donors of electrons, these are
pumped into the semiconductor. Particularly in case of p-type semiconductors, these electrons
recombine with some of the holes, which are majority charge carriers and hence result in
restoration of Fermi level towards the intrinsic limit. This increases the resistance of
semiconductors, as seen in Figure 4. Further, the formation of nanoscale barriers at the HEA
alloy and MoS; junctions is beneficial for the sensing as it produces a large change in resistance

when there is a small change in carrier concentration of MoS; due to hydrogen chemisorption.

Thus, the synergistic effect of all five metal species leads to a giant ten-fold increase in sensor
response. Further, the kinetics of surface adsorption decides the sensor response time taken for
saturation and recovery. Here, the strong affinity of HEA NPs towards hydrogen results into
the faster response as well as recovery of the sensor signal at much lower temperatures than
those reported in the literature so far®®. Moreover, the surface of MoS; which is richin oxygen
species after decorating with HEA, further enhances the abundance of active sites for surface

adsorption and making it more sensitive.

The response of MoS;+HEA was studied for various gases like Hz, NO2, NH3, and VOC’s such
as acetone and ethanol for 5000 ppm at 80 °C. The response of the material was found to be
less than 5% for gases other than H, and nearly 40% for H, within 10% error bar, as shown in
Figure 6(a). This demonstrates the selectivity of the sensor to H, at 80 °C. Further, the stability
of response was studied by measuring the response for the same concentration of gas (5000
ppm) at the same temperature over a period of time. As seen in Figure 6(b), the response is
fairly stable over a period of a week, at least. The same response was observed with 10%

variance for different samples prepared and measured even after about 4 months.
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The response of the material was also studied by varying the Relative Humidity (RH) from 0-
80% at 80 °C for 5000 ppm of H.. The response was almost unaffected over a large range of
0-60% RH, as shown in Figure S3 in supporting information. Subsequently, the response was
found to decrease with further increase in the humidity. Moreover, the response at high RH
levelsis fairly slower compared to that of dry air (0% RH) levels. This could be due to surface
passivation, i.e., accumulation of water vapours on the surface of the sensor. This can be
overcome by increasing the operating temperature to more than 80 °C preventing from

condensation of water vapours as well as its surface adsorption.

To gain atomistic insights into the enhanced gas sensing at the MoS,-HEA system, density
functional theory (DFT) calculations were performed. The optimized lattice parameters of 2D
MoS; and pristine Pt were found to be: a=b=3.19 A, anda=b = ¢ =3.96 A, in excellent
agreement with previous reports*?. The AgAuCuPdPt alloy (HEA) special quasirandom
structure (SQS) was generated from 5x2x1 supercell of Pt (111) surface using the “mcqs” code
employed in Alloy Theoretic Automated Toolkit (ATAT)*3. The ATAT code employs a Monte
Carlo simulated annealing method using an objective function that perfectly matches the
maximum number of correlation functions*®. The SQS generated in such a way mimics the
thermodynamic and electronic properties of true structures to a reasonable extent, as has been
shown in the earlier reports**4°. The unit cell of the SQS (HEA) contained 80 atoms, with the
Pt, Pd, Ag, Au, and Cu atoms comprising 20% each of the total composition. The 9x4x1
supercell of MoS, was matched with this unit cell of HEA, resulting in a lattice mismatch of

2.4%.
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To check the thermodynamic stability of the MoS,-HEA composite system, interface binding

energy was calculated according to the expression?®:
Eb = (EM052+HEA - EM052 - EHEA)/A I (1)

Where Eyos,+HEA: Emos,, and Eygy are the total energies of MoS;-HEA composite, MoS,
and HEA, and A isthe area of the unit cell (Table S2). The value for E}, was found to be -74.02
meV/A2, indicating its high stability, in agreement with the experiments. This is further
corroborated by the charge density difference (p4;¢¢) plot shown in Figure 7(a), which was

calculated using:

Pairr = Pmosy+HEA — PMos, — PHEa _ @

Where Prtos, +HEA Phos,’ and p,, ., are charge densities of the MoS;-HEA composite, MoSy,

and HEA, respectively. A significant charge transfer is observed at the interface of MoS, and
HEA, which indicates large interaction between the two layers and hence the high stability of
the composite. To analyze the behaviour of bonding in the composite, electron localization
function (ELF) was calculated *’. The covalent (ELF > 0.5) and metallic bonding (ELF < 0.5)
nature of MoS; and HEA layers, respectively, are retained after formation of the composite
(Figure 7(b), and Figure S5). However, the red regions localized at S atoms (corresponding to
their lone pairs) at the interface of MoS; and HEA are non-uniform, i.e., its intensity is low
where atoms of HEA are closer to MoS,. It again signifies an appreciable interaction strength

between the two layers.

Next, in order to explain the experimental trends observed for response time, H adsorption

energy calculations were performed according to the expression given below:

1
EH* = (Etot - Epristine -3 EHZ)/A - (3)
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where Etor, Epristines and Ey,are the total energies of H adsorbed system, pristine (bare)
system, and isolated H, gas molecule, respectively (Table S2). The values for
E+~corresponding to MoS; and MoS;-HEA composite is shown in Figure 7, where it can be
seen that £~ on MoS;-HEA composite is exothermic, while that on MoS; is endothermic.
Therefore, H will tend to adsorb faster on MoS,-HEA composite compared to that on bare
MoS;, hence the response time will be lower for the MoS;-HEA composite, as is also observed

experimentally.
Conclusion

To summarise, we have proposed a facile method to decorate/functionalized 2-D materials.
Further, we have investigated its effect on gas sensing properties by comparing with bare MoS;
that accounts for unusual p-type conduction. The chemical compositional analysis (XPS) has
been carried out to account for the unusual p-type conduction in MoSy. It is evident that both
bare MoS; and functionalized MoS; can be operated at lower temperatures, unlike MOS gas
sensors. The calculated values of Ex~from DFT for MoS; and functionalized MoS; are in good
agreement with the experiment and prove that the HEA-functionalized MoS; is effective in
achieving higher sensitivity than bare MoS, with the comparatively lower response and
recovery times. Moreover, the MoS, +HEA shows excellent selectivity to hydrogen gas. The
non-ohmic nature of contact between gold and HEA decorated MoS; reveals the potential for

enhancement in MoS; gas sensing properties.
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Figure 1 (a) Schematics of device used for sensing consisting the materials architecture (MoSg-
decorated with HEA (Ag-Au-Cu-Pd-Pt) alloy nanoparticles (b) Raman spectrum of MoS; with
and without HEA (Ag-Au-Cu-Pd-Pt) (c) X-ray diffraction pattern of the HEA decorated MoS2
(d) absorbance spectra of MoS, , HEA NPs and HEA-NPs decorated MoS;.
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Figure 2: (a) TEM Bright field image of MoS; sheet (b) SAED pattern of MoS; sheet (c)
TEM Bright field image of MoS; sheet decorated with HEA NPs (d) corresponding electron
ring diffraction pattern () HRTEM image of HEA (Ag-Au-Cu-Pd-Pt) on MoS; sheet (f) FFT
filtered HRTEM image of HEA NPs (g) EDAX pattern inset shows single nanoparticles

HAADF image (h) elemental mapping of HEA NPs.
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Figure 3: The X-ray photoelectron spectra of (a) Mo 3d- S 2s, (b) S 2p, (c) O 1s core levels

and (d) UV photoelectron spectra of MoS; and MoS,-HEA.
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Figure 4: The current-voltage (I-V) characteristics of devices fabricated using (a) only MoS;
and (b) HEA NPs decorated MoS; as a function of temperature. (c) the comparison of
linearity and current of both devices at 30 OC. (d) the Arrhenius plot of In (1/T?) vs 1000/T

for both the samples.
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Figure 5: The comparison of sensor response only MoS, and HEA NPs decorated MoS; with
(a) temperature and (b) hydrogen gas concentration. The lines show power law fit. (c) The
comparison of response time and recovery times for 5000 ppm H; gas at 100°C. (d) The typical
response of HEA NPs decorated MoS; at 80°C for various concentrations.
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Figure 6. (a) The response of the MoS,+HEA sample to various gases showing selectivity to
H, at 80 °C for 5000 ppm. (b) The stability of the response to H, at 80 °C for 5000 ppm.
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Figure 7. (a) Charge density difference plotted for MoS,;-HEA system. The charge
accumulation and depletion regions are indicated by lime green and dark violet isosurfaces,
respectively. The isosurface value has been set to 4x102 eA3. (b) ELF plot for MoS,-HEA
system along (010) plane. The color bar for ELF values are also shown alongside. The light
violet, yellow, light grey, dark grey, gold, silver, blue, and green spheres represent Mo, S, Pt,
Pd, Au, Ag, Cu, and H atoms, respectively. (c) EH*of MoS; (red solid line) and MoS;-HEA

(blue solid line) systems. The completely optimized H-adsorbed structures are also shown
where light violet, yellow, light grey, dark grey, gold, silver, blue, and green spheres represent
Mo, S, Pt, Pd, Au, Ag, Cu, and H atoms, respectively.
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