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A B S T R A C T   

Hydrogen gas (H2) has garnered significant attention as an alternative clean energy source, and its sensitive 
detection is essential to prevent explosions due to leakage in storage systems. Molybdenum disulfide (MoS2), 
which exhibits a large surface area-to-volume ratio from atomically thin two-dimensional (2D) structure, has 
attracted attention as a suitable H2 sensing material. However, pristine MoS2 exhibits low sensitivity to nonpolar 
H2. This paper demonstrates a decoration method for platinum (Pt) catalysts on 2D MoS2 using atomic layer 
deposition (ALD) and its application to fabricate highly sensitive H2 sensors. Additionally, to induce homoge-
neous distribution of Pt nanoparticles on chemically inert MoS2 surfaces, oxygen plasma pretreatment is 
employed as the MoS2 surface functionalization method. Consequently, highly sensitive detection of H2 with the 
sensitivity over 400 and the lower detection limit set to 2.5 ppm, is achieved using ALD Pt-decorated MoS2, and a 
sensing mechanism is proposed.   

1. Introduction 

Two-dimensional (2D) materials have garnered significant attention 
from researchers owing to interesting electrical, optical, chemical, and/ 
or mechanical properties. Although graphene has been the most widely 
studied 2D material, other 2D material families such as hexagonal-boron 
nitride (h-BN), transition metal dichalcogenides (TMDs), along with 
transition metal carbides and nitrides (MXenes) have been recently 
studied even more extensively.[1–4] Among such 2D materials, a few 
layered molybdenum disulfide (MoS2) nanosheets have garnered sig-
nificant attention owing to their unique transition of indirect to direct 
bandgaps as the number of layers decreases from bulk to a monolayer. 
[5] In particular, MoS2 with a monolayer as an electrical channel in a 
field-effect transistor exhibited both high carrier mobility of 200 cm2 V- 

1s− 1 and an on/off ratio of 108 at room temperature.[6] Thus, various 
applications using MoS2 nanosheets have been developed such as 
nonvolatile memory,[7] photodetectors,[8] electrocatalysts,[9] and 

supercapacitors.[10] The sensitive reactivity of MoS2 nanosheets to 
toxic gas molecules has also garnered attention, owing to the high sur-
face area-to-volume ratio of intrinsically thin 2D structures.[11] Sensors 
for various harmful gases including nitrogen monoxide,[12] carbon 
monoxide,[13] nitrogen dioxide,[14] ammonia,[15] and volatile 
organic compounds[16] have been reported using MoS2 nanosheet- 
based sensing materials. 

Meanwhile, the sensitive detection of hydrogen gas (H2), a promising 
candidate for alternative clean energy source, has become necessary for 
preemptive prevention of potential explosions due to leakage; in this 
regard, many MoS2-based H2 sensors have been reported.[17–22] 
However, pristine MoS2 exhibits extremely low sensitivity to nonpolar 
H2.[19] One of the approaches for endowing MoS2 with reactivity to H2 
is the decoration of noble metal catalysts onto the MoS2 surface. Several 
metal catalyst-decorated MoS2 sensors, including palladium,[23–25] 
gold,[26] platinum (Pt),[27,28] and alloys,[29] have been used for H2 
detection. In particular, Pt is well known to be effective for the sensitive 
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detection of H2 among various noble metal catalysts because of the 
spillover effect of H2 on the Pt catalyst, which involves the dissociation 
of H2 molecules to reactive atoms and their spread onto a support ma-
terial.[30] To effectively induce the spillover effect of H2, the crucial 
aspects are the areal coverage and the size of Pt nanoparticles on the 
surface of the sensing material. It was reported that a high sensitivity to 
a gas was achieved when the areal coverage of metal catalysts on a 
sensing material was approximately a half of the total surface area.[31] 
Meanwhile, in terms of the geometry of metal catalysts, small size and 
uniform distribution of nanoparticles would be beneficial for sensitive 
detection. This is because a higher number of dissociated hydrogen 
atoms would be effectively transferred to the sensing material, thereby 
increasing their reaction probability with oxygen ions. 

Accordingly, atomic layer deposition (ALD) could be an interesting 
and effective technique for introducing highly dense fine nanoparticles 
on MoS2 nanosheets to fabricate sensors. ALD, a modified form of 
chemical vapor deposition (CVD), is based on a unique reaction mech-
anism, known as self-limited surface saturation, which results in supe-
rior process features compared with conventional physical vapor 
deposition (PVD), or wet methods, namely, atomic-level control of 
thickness and chemical composition and excellent uniformity.[32,33] 
More interestingly, during the nucleation period (i.e., normally in a few 
tens of cycles of the ALD process), we can fabricate highly dense 
nanoparticles with large surface areas that may be particularly benefi-
cial for chemical/electrochemical sensor applications.[31,34] If the 
inert basal surfaces of MoS2 are properly activated by, for instance, seed 
layering[35,36] and reactive oxidant[37,38] and/or plasma pretreat-
ment[39,40] for nucleation triggering, the best candidate for small and 
evenly distributed Pt nanoparticle decoration on the surface of MoS2 
could be the ALD process because it exhibits high controllability of the 
size and distribution of metal nanoparticles. Nevertheless, to the best of 
our knowledge, atomic layer-deposited metal-decorated MoS2-based gas 
sensors have never been reported. 

In this study, we demonstrate the novel application of ALD Pt on a 
MoS2-based H2 gas sensor. We systematically explore the effects of 
process parameters, such as the number of ALD cycles and oxygen 
plasma pretreatment, on the morphology of Pt nanoparticles on MoS2 
based on atomic force microscopy (AFM), X-ray photoelectron spec-
troscopy (XPS), and transmission electron microscopy (TEM). The suc-
cessful decoration of dense Pt nanoparticles on MoS2 is demonstrated by 
combining optimal ALD and plasma pretreatment processes. Addition-
ally, we show that the ALD Pt-decorated MoS2 sensor has superior H2- 
sensing property, i.e., the detection limit down to 2.5 ppm, and propose 
the H2-sensing mechanism of the ALD Pt-functionalized MoS2. 

2. Experimental section 

2.1. Sample preparation 

The sensor fabrication process is illustrated in Fig. 1. Multilayer CVD 
MoS2 directly grown on an n-type Si/SiO2 (300 nm) substrate was 
purchased for sensor fabrication (Six Carbon Technology, China). To 
functionalize the MoS2 surface, oxygen plasma pretreatment was per-
formed in a customized remote inductively coupled plasma chamber. 
Radio-frequency (RF, 13.56 MHz) plasma was used in an oxygen envi-
ronment under a pressure of 200 mTorr and power of 50 W at room 
temperature for 30 s (Figure S1).[39] Pt nanoparticles were deposited in 
a customized thermal-ALD chamber on the surface of the functionalized 
MoS2. For the ALD Pt process, trimethyl(methylcyclopentadienyl) plat-
inum (IV) (MeCpPtMe3) and oxygen gas were used as the precursor and 
oxidant, respectively. The ALD cycle consisted of a Pt source pulse (1 s), 
Pt source exposure (10 s), N2 purge (30 s), O2 pulse (20 s), and N2 purge 
(30 s). The chamber temperature and base pressure were maintained at 
250 ◦C and 0.5 Torr, respectively. The resultant growth rate was ~ 0.5 
Å/cycle (Figure S2), and the number of ALD Pt cycles was controlled at 
0, 10, 20, and 50 cycles. Hereafter, the samples with and without plasma 
pretreatment were denoted as PO and PX samples, respectively, along 
with the number of ALD cycles depicted as n (=0, 10, 20, and 50) (such 
as PO0/10/20/50 and PX0/10/20/50). 

2.2. Material characterization 

The oxidation state and chemical composition were characterized 
through XPS with an analysis area of 200 μm × 200 μm and a step size of 
0.05 eV (Al Kα source gun, K-Alpha+, ThermoFisher Scientific). Slight 
Ar-ion etching (0.5 keV, 5 s) was performed before XPS analysis. To 
study the number of MoS2 layers as well as the surface oxidation state, 
Raman spectroscopy was performed with an Ar-ion laser beam at an 
excitation wavelength of 514 nm with a spot size of 0.7 μm (LabRam 
Aramis, Horiba Jobin Yvon). The surface topography was characterized 
through AFM in non-contact mode with a spot size of 1 μm × 1 μm (Tip: 
NCHR, Nanosensors, equipment: XE-100, Park Systems). The surface Pt 
particle nucleation density and size were analyzed through transmission 
electron microscopy (TEM) with an accelerating voltage of 200 kV 
(JEM-2010, JEOL). 

2.3. H2 sensing performance evaluation 

Cr/Au (5/50 nm) electrodes were deposited on the Pt-decorated 
MoS2 via e-beam evaporation through a shadow mask. The shadow 

Fig. 1. Schematics of ALD Pt-on-MoS2 hydrogen sensor fabrication process: (a-b-c) without oxygen plasma pretreatment (PXn (n = 0, 10, 20, 50 cycles)) and (a-d-e-f) 
with oxygen plasma pretreatment (POn (n = 0, 10, 20, 50 cycles)). 
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mask was prepared through bulk micromachining using a silicon-on- 
insulator wafer, resulting in an open hole of interdigitated structures 
with a 20 µm gap. To evaluate the sensor performance, the fabricated 
sensors were placed in a quartz-tube chamber connected to mass flow 
controllers (MFCs), which allowed the generation of H2 at various 
concentrations. The other ends of the MFCs were linked with the gas 
bombs of dry air and H2. Sensor response was evaluated by monitoring 
the change in the resistance of the sensor at a constant voltage (1 V) with 
a computer-controlled source meter (2400, Keithley Instruments). The 
operating temperature of the sensor was controlled in a furnace where 
the quartz-tube chamber was on the inner side. 

3. Results and discussion 

Raman spectra were analyzed to characterize the MoS2 properties 
and the change in the oxidation state of the MoS2 surface before and 
after oxygen plasma pretreatment. As shown in (Fig. 2a), two in-plane 
E1

2g and out-of-plane A1g vibration peaks were observed at ~ 383 
cm− 1 and ~ 408 cm− 1, respectively. The frequency difference was ~ 25 
cm− 1, indicating the presence of thick (greater than5–6 layers) MoS2. 
[41] When analyzed using AFM, the thickness of MoS2 was approxi-
mately 6 nm, which corresponds to ~ 8 layers thick MoS2 (Figure S3). 
After oxygen plasma pretreatment, there was no noticeable peak shift or 
broadening, and only a slight increase in the oxidation-induced peak at 
approximately 230 cm− 1 was observed. This implies that oxygen plasma 
pretreatment on the MoS2 surface did not significantly etch or damage, 
but only slightly oxidized the MoS2 surface forming Mo–O bonds.[42] 
Surface chemistry of MoS2 was further investigated through XPS. 
(Fig. 2b and 2c) show high-resolution XPS spectra near the Mo 3d and S 
2p peaks of the PX0 and PO0 surfaces, respectively. Two prominent 
peaks were observed at 231.6 and 228.4 eV, which correspond to Mo4+

3d doublets in PX0 (i.e., pristine MoS2) along with the S 2 s peak at 
225.7 eV (upper panel in Fig. 2b).[43] However, after oxygen plasma 
pretreatment, additional oxidation-induced peaks were observed at 
235.3 and 232.2 eV, which seem to correspond to Mo6+ 3d doublets of 
the Mo–O bond in MoO3 crystal (lower panel in Fig. 2b).[44] When the 
peak areas of Mo6+ and Mo4+ were quantified, the ratio of Mo6+ on the 
MoS2 surface was measured to be approximately 57.0 %, which may be 
the evidence of the transition of the top surface MoS2 layers into the 
MoO3 phase.[39] A similar trend was also observed in the S 2p core-level 
spectra results. Three peaks were observed at 161.3, 162.5, and 163.7 
eV, which correspond to the intrinsic edge S related peak and the S2- 2p 
doublet peaks, respectively (upper panel in Fig. 2c).[43,45,46] In 
addition, after the oxygen plasma pretreatment, additional peaks were 
observed at 169.1 eV and 163.8 eV, which are attributable to sulfate 
crystals (S–O3 and S–O2) (lower panel in Fig. 2c).[47] Moreover, it 
should be noted that these oxidation-induced peaks disappeared after 
only 5 s of etching (Ar, 0.5 keV). (Figure S4) Thus, it can be argued that 
oxygen plasma-induced phase transition is applied to only the top sur-
face layer while minimizing damage to the underlying MoS2 layer. In 
other words, oxygen plasma species modifies the chemical state of the 
surface MoS2 layer, i.e., accommodates the presence of oxygen on the 
surface and/or forms oxygen plasma-induced dangling bonds, which 
may consequently facilitate the nucleation in the subsequent ALD pro-
cess, as will be discussed later.[48] 

AFM topographies were analyzed to study the ALD Pt-deposited (0/ 
10/20/50 cycles) surface morphologies with and without oxygen 
plasma pretreatment on the MoS2 surface. (Fig. 3) As can be observed in 
Fig. 3a, the surface of PXn (untreated) was non-uniform and the Pt 
nanoparticles exhibited island growth, whereas those on POn exhibited 
enhanced coverage with more homogenous particle growth. (Fig. 3b) 
Moreover, root-mean-square (RMS) roughness of PX0 was 0.55 ± 0.10 
nm, and gradually increased to 1.60 ± 0.18 nm, 1.89 ± 0.29 nm, and 
2.40 ± 0.14 nm at 10, 20, and 50 cycles, respectively. In contrast, that of 
POn increased from 0.50 ± 0.11 nm to 1.15 ± 0.10 nm during the initial 
10 cycles. Thereafter, it saturated to 0.95 ± 0.09 nm and 0.80 ± 0.12 nm 

at 20 and 50 cycles, respectively, indicating the possibility of more 
uniform Pt growth with better surface coverage. (Fig. 3c) TEM images on 
ALD Pt-deposited MoS2 flakes additionally provide more detailed insight 
into the effect of oxygen plasma pretreatment on Pt nanoparticles 
morphology (Figure S5). Similar to previous reports,[49,50] ALD Pt 
nanoparticles preferentially grew at edge sites and rare nucleation was 
observed at basal planes in PX10 (untreated) owing to the chemically 
inert nature of the basal plane (Figure S5a). However, after the oxygen 
plasma pretreatment followed by ALD, densely distributed Pt particles 
grew on basal planes (Figure S5b). The average sizes of the Pt 

Fig. 2. (a) Raman spectra of MoS2 surface without/with oxygen plasma 
treatment (PX0 and PO0) and high-resolution XPS spectra of MoS2 without/ 
with oxygen plasma treatment (PX0 and PO0) near (b) Mo 3d and (c) S 
2p peaks. 
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nanoparticles on basal planes were 0.85 ± 0.28 nm in PX10 and 0.93 ±
0.27 nm in PO10; more importantly, the number of particles in PO10 
was larger than that in PX10 approximately by a factor of 2 (81 (PX10) 
vs.153 (PO10) particles in 40 × 40 nm2), which indicates a more facile 
and simultaneous nucleation of ALD Pt nanoparticles at an early stage. 
Moreover, Fig. 3d shows the compositional ratio of Pt-to-Mo/S (i.e., CPt 
(at. %)/(CMo + CS)(at. %)) in the PXn and POn samples based on XPS 
analysis. The compositional ratio difference between PXn and POn was 
not significant at 10 and 20 cycles, whereas it became more evident at 50 
cycles (i.e., 2.7 % at PO50 and 1.7 % at PX50 surfaces). The insufficient 
dangling bonds on PXn MoS2 are due to strong in-plane bonding in 2D 

materials; therefore, initial nucleation in the ALD process may be locally 
limited to only near defects including edge sites,[50,51] resulting in 
non-uniform and sparse Pt nanoparticle growth observed in TEM and 
AFM images.[48] In contrast, oxygen plasma pretreatment modified the 
surface chemistry of MoS2, forming additional dangling bonds 
confirmed through Raman and XPS analysis in POn samples, which 
resulted in the formation of more uniform-in-size and densely distrib-
uted ALD Pt nanoparticles with larger surface area and coverage.[48] 

Fig. 4 shows the response of the sensors characterized by the number 
of ALD cycles with or without plasma pretreatment. Here, the response 
of the sensor to hydrogen is defined as RAir/RH2 because the resistance of 

Fig. 3. AFM topography images of MoS2 surface after 0/10/20/50 ALD Pt cycles (a) without oxygen plasma pretreatment (PXn), (b) with oxygen plasma pre-
treatment (POn), and (c) the RMS roughness summary. (These images were cropped to 200 nm × 200 nm size from raw 1 μm × 1 μm images.) (d) Relative 
compositional ratio of Pt and (Mo + S) contents (at%) on MoS2 surface without/with oxygen plasma treatment based on XPS analysis. 
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the sensor decreases when exposed to H2, where RAir and RH2 denote the 
resistance before and during the exposure to H2, respectively. The sensor 
response was evaluated at an operating temperature of 250 ◦C to 
demonstrate the difference in sensor response with the varying number 
of ALD cycles. The response of ALD Pt-decorated MoS2 to 1,000 ppm H2 

without and with plasma pretreatment is presented in Fig. 4a and 4b, 
respectively. The average responses of Pt-decorated MoS2 to 1,000 ppm 
H2 were 1.54/2.02 (with/without plasma pretreatment), 414/267, 
42.2/36.2, and 8.37/2.69, when the number of ALD cycles was 0, 10, 20, 
and 50, respectively. With Pt decoration via ALD on MoS2, however, the 
sensor exhibited remarkable enhancement in response to H2, compared 
with the results of pristine MoS2 one (please see Figure S6 for transient 
response of pristine MoS2 to 1,000 ppm H2), owing to the catalytic effect 
of the ALD Pt. The sensors prepared with 10-cycle ALD Pt on MoS2 
showed an average change in the resistance of more than 200 times, 
regardless of the plasma pretreatment. This result indicates that our 
approach using the ALD as the decoration method of the noble metal on 
MoS2 surface is highly advantageous for achieving high sensitivity to 
target gas. In addition, it shows that the precisely controlled amount of 
Pt catalyst on MoS2 surface is crucial for highly sensitive H2 detection. 
Meanwhile, PX10 showed lower responses to H2 than that of PO10. This 
is because ALD Pt without the plasma pretreatment was grown on the 
locally limited MoS2 surface, which was confirmed using AFM and TEM 
analyses. Thus, this partial growth on the MoS2 surface could hinder the 
efficient participation of Pt catalysts in the H2 sensing reaction, 
considering that their small sizes and homogeneous distributions are 
advantageous for gas sensing. In contrast, plasma pretreatment allows a 
homogenous distribution of ALD Pt on MoS2, and Pt catalyst nano-
particles become larger homogeneously as the ALD cycle increases. 
Hence, PO10 exhibited the highest response. This would indicate that 
homogeneous distribution of small-sized Pt catalysts was grown with 10 
cycles, which was also evident with the highest value of RMS roughness 
from AFM analysis among POn. As the number of cycles increases, the 
sensor response decreases owing to the excessive amount (or higher 
surface coverage) of Pt on MoS2. This excessive decoration of Pt on MoS2 
could hinder the transport of dissociated hydrogen atoms to the MoS2 
channel owing to the increased thickness of the catalysts, which ham-
pers the catalytic effect. In addition, the open surface of MoS2 decreases 
owing to the increased region of covered Pt. This could also be disad-
vantageous for gas sensing considering that a high sensitivity was ach-
ieved when the covered region of metal catalysts on the sensing material 
was approximately a half of the total surface area of the sensing mate-
rial.[31] The response of PO10 to different temperatures as the H2 
concentration was fixed at 1,000 ppm is shown in Fig. 4c. The sensor 
exhibited the highest response when the operating temperature was 
250 ◦C. An optimal temperature of the sensor is observed because the 
desorption rate of reacted by-products becomes higher than the 
adsorption rate of target gas as the temperature increases.[52] 

The transient responses of the sensor upon exposure to hydrogen at 
various concentrations are depicted in Fig. 5. This was evaluated using 
the PO10 sensor, which exhibited the highest response at an operating 
temperature of 250 ◦C. Fig. 5a shows the response of the sensor upon 
repeated exposures to 1,000 ppm H2 for three cycles, where the sensor 
responses do not show significant differences. This indicates that the 
presented approach can achieve high reliability even on repeated ex-
posures to H2. Fig. 5b displays the transient response upon exposure to 
hydrogen at several different concentrations ranging from 1,000 to 100 
ppm. The relative change in response decreased as the concentration 
decreased. This confirms that the change in the sensor response was 
derived from the charge transfer between the hydrogen molecules and 
Pt-decorated MoS2. The sensor response to hydrogen at relatively low 
concentrations is shown in (Fig. 5c). Likewise, the relative change in 
response decreased as the concentration decreased. The inset of (Fig. 5c) 
indicates the enlargement of the sensor response to 2.5 ppm H2. 

(Fig. 6a) shows the long-term stability of the sensor. The used sensor 
was stored in an ambient environment without a particular storage 
technique. The sensor response to 1,000 ppm H2 was evaluated after 2 
and 4 weeks under the same conditions as the initial measurement. We 
observed no significant change even after 2 and 4 weeks, i.e., no drastic 
decrease in response. This result implies that the sensor exhibits high 
reliability over a long period of time with the ambient environment. The 

Fig. 4. Response of sensors to 1,000 ppm H2, characterized with the number of 
ALD cycles following the (a) absence or (b) presence of the plasma treatment. 
Pristine MoS2 shows a very low response to hydrogen regardless of plasma 
pretreatment. 10 cycled-ALD Pt-decorated MoS2 with the plasma pretreatment 
exhibits the highest response. This would indicate that even distribution of 
small-sized Pt catalysts was formed when 10 cycled ALD was performed. (c) 
1,000 ppm H2 response of 10 cycled-ALD Pt decorated MoS2 with plasma 
pretreatment according to operating temperatures. 
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sensor selectivity to other gas species is presented in (Fig. 6b). The 
concentrations of the tested gas species were fixed to 1,000 ppm for a 
fair comparison. Although the sensor sensitively reacts with ammonia to 
some extent, the response is still lower than that to H2 at the same 
concentrations. In addition, the sensor showed low reactivity to other 
reducing gases such as volatile organic compounds (p-xylene) and 
alcohol gas (ethanol) when compared with that of H2. Furthermore, the 

sensor exhibited extremely low sensitivity to the representative 
oxidizing gas such as NO2. Hence, our approach using ALD Pt-decorated 
MoS2 as the H2-sensing material is highly advantageous for achieving 
high selectivity. 

A detailed H2 sensing mechanism is proposed in Fig. 7. Oxygen 
molecules dissociate on the surface of the MoS2 substrate when air is 
introduced to the sensor, resulting in the formation of oxygen ions (O2

– 

and O-) at elevated temperatures.[53] When H2 is exposed to the sensor, 
the decorated Pt facilitates the dissociation of H2, thereby forming 
reactive hydrogen atoms and spreading them near the MoS2 channel. 
[27] This is known as the spillover effect of Pt catalyst with respect to H2 
sensing.[30] Thereafter, the reactive hydrogen atoms transferred to the 
MoS2 channel react with oxygen ions on the surface, thus producing 
water molecules. This reaction induces the electrons originally captured 
by oxygen molecules to be transferred to the MoS2 channel. This results 
in increase in current in the MoS2 channel when exposed to H2. 

Table 1 shows a comparison of the sensor performance of metal- 
decorated MoS2 channel-based H2 sensors.[19,23–29] In general, n- 
and p- type sensing materials show the decrease and increase in resis-
tance, respectively, when exposed to H2, the reducing gas. Hence, many 
reported studies use the sensor resistance while exposed to a reducing 
gas as the denominator and numerator when calculating the response of 
the n- and p-type sensing material, respectively. Thus, we additionally 
present the recalculated response in Table 1 to show the ratio of resis-
tance in air/N2 to H2 or vice versa. This results in the magnitude of 
response above 1, making it easier to intuitionally grasp the relative 
change in resistance. Although a fair comparison for the response 
(sensitivity) is difficult because of the difference at target concentrations 
in reported studies, a relative change in resistance of the proposed 
sensing material was more than 400 times when exposed to 1,000 ppm 
H2. In addition, we achieved a notable limit of H2 detection down to 2.5 
ppm, as shown in (Fig. 5c). This indicates that our approach, using ALD 
as a decoration method for Pt on MoS2 with plasma pretreatment, is a 
highly advantageous method used for metal decoration to achieve high 
sensitivity and a low detection limit. This sensitive detection might be 
due to the homogeneous distribution of small deposited Pt catalysts on 
the MoS2 channel. This is because there are more chances for dissociated 
hydrogen atoms to be effectively transferred to MoS2 upon exposure to 
hydrogen even at low concentrations. In addition, the thickness of Pt 
after 10 cycles of ALD is estimated to be < 1 nm from Figure S2, which 
indicates that highly sensitive H2 detection is efficiently achieved with 
minimal amounts of catalysts. Furthermore, utilizing a highly control-
lable ALD process as the Pt decoration method can also be beneficial for 
the formation of intimate chemical bonding between MoS2 and the 
catalyst, unlike PVD which exhibits problems such as evaporation or 
sputtering. This intimate chemical bonding would induce efficient 
charge transfer between the deposited Pt and MoS2 channels.[54] 
Meanwhile, the fabricated sensing materials should be integrated and 
operated with a micro-heater for practical applications. This technique 
is being further studied, including the transfer of CVD MoS2, fabrication 
of a micro-heater, ALD process for metal decoration, and the integration 
of these processes. 

4. Conclusion 

We studied Pt-decorated MoS2 via ALD and its novel application to a 
H2 sensor. Oxygen plasma pretreatment on MoS2 allowed functionali-
zation of the initial nucleation sites during the ALD reaction, resulting in 
a homogeneously distributed decoration with Pt nanoparticles. The 
growth mechanisms of Pt via ALD with and without plasma pretreat-
ment on MoS2 were experimentally studied through Raman, XPS, TEM, 
and AFM analyses. We also characterized the H2 sensing properties of Pt- 
decorated MoS2 with the number of ALD cycles following the detection 
of the presence or absence of plasma pretreatment. Pt-decorated MoS2 
via ALD (10 cycles) with plasma pretreatment showed the highest 
response to 1,000 ppm H2 with a relative change of approximately more 

Fig. 5. (a) Transient response of sensor (PO10) upon repeated exposure to 
1,000 ppm hydrogen. The sensor response showed no so significant difference 
on each of several exposures to 1,000 ppm H2. Transient response of sensor on 
exposure to hydrogen at various concentrations (b) from 1,000 ppm to 100 ppm 
and (c) from 50 ppm to 2.5 ppm. Inset of (c) shows the enlargement of the 
sensor response to 2.5 ppm H2. The measurement was conducted at an oper-
ating temperature of 250 ◦C. 
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than 400 times resistance. The fabricated sensor achieved H2 detection 
at several different concentrations ranging from 1,000 to 2.5 ppm. 
Notably, this detection limit is the lowest among metal-decorated MoS2- 
based H2 sensors, indicating that our approach using ALD and plasma 
pretreatment as the decoration method of metal catalysts on MoS2 is 
highly advantageous. In addition, the H2 sensing mechanism of the 
fabricated sensor was proposed owing to the spillover effect of the 
deposited Pt catalysts on MoS2. Given the high sensitivity to H2 and 
homogenous growth of Pt catalysts on functionalized MoS2, our 
approach is expected to be a promising solution for the decoration of 
metal catalysts on 2D materials to fabricate highly sensitive gas sensors. 
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Fig. 6. (a) Long-term stability of the sensor on the 
exposure to 1,000 ppm H2. No significant change is 
observed even after 2 and 4 weeks, such as a drastic 
decrease in response. This result implies that the 
sensor exhibits high reliability over a long period of 
time with the ambient environment. (b) Selectivity 
of the sensor to other gas species. The sensor showed 
low reactivity to other reducing gases such as 
ammonia, volatile organic compounds (p-xylene) 
and alcohol gas (ethanol) when compared with that 
to H2. Furthermore, the sensor exhibited extremely 
low sensitivity to the representative oxidizing gas 
such as NO2. It shows a highly advantageous aspect 
of our approach using ALD Pt-decorated MoS2 as 
H2-sensing material for achieving high selectivity.   

Fig. 7. Detailed H2 sensing mechanism of ALD-Pt 
decorated MoS2 sensor. When hydrogen gas is 
exposed to the sensor, decorated Pt facilitates the 
dissociation of H2, forming reactive hydrogen atom 
(H∙) and spreading them to near MoS2 channel. This 
is known as the spillover effect of Pt catalyst 
regarding H2 sensing. Then, the transferred reactive 
hydrogen atoms to MoS2 channel react with oxygen 
ions on the surface of it, thereby producing water 
molecules. This reaction induces that electrons 
originally captured by oxygen molecules are trans-
ferred to MoS2 channel.   

Table 1 
Comparison between metal-decorated MoS2 channel-based H2 sensors.  

Sensing material Concentration Response Def. Response Limit of detection Operating Temperature Reference 

Pd-functionalized MoS2 nanosheet 10000 ppm (RH2-RAir) 
/RAir 

or [RH2/RAir] 

0.353 
or 
[1.353] 

50 ppm RT 19 

MoS2 nanosheet–Pd NP composite 50000 ppm RN2/RH2 10 500 ppm RT 23 
Pd NP functionalized edge-enriched MoS2 thin film 500 ppm (RH2-RAir) 

/RAir 

or [RH2/RAir] 

0.337 
Or 
[1.337] 

10 ppm RT 24 

Pd nanocluster-MoS2 heterostructure 140 ppm (RH2-RAir) 
/RAir 

or [RH2/RAir] 

0.17 
Or 
[1.17] 

20 ppm RT (w/ light) 25 

Hierarchical flower-like Au-MoS2 microspheres 30 ppm RAir/RH2 8.48 30 ppm 175 ◦C 26 
Hollow structure of Pt-decorated MoS2 40000 ppm (RH2-RAir) 

/RAir 

or [RH2/RAir] 

0.12 
Or 
[1.12] 

500 ppm RT 27 

MoS2–Pt nanoparticle composite 100 ppm RAir/RH2 10 10 ppm 150 ◦C 28 
Multi-component (Ag–Au–Cu–Pd–Pt) alloy NP-decorated MoS2 1000 ppm (RH2-RAir) 

/RAir 

or [RH2/RAir] 

0.32 
Or 
[1.32] 

500 ppm 80 ◦C 29 

ALD Pt-decorated MoS2 nanosheet 1000 ppm RAir/RH2 440 2.5 ppm 250 ◦C This work  
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[52] M. Bendahan, J. Guérin, R. Boulmani, K. Aguir, Sens. Actuators, B 124 (2007) 24. 
[53] Y.J. Zhang, W. Zeng, Y.Q. Li, Appl. Surf. Sci. 455 (2018) 276. 
[54] C. Feng, X.H. Mi, D.W. Zhong, W.M. Zhang, Y.P. Liu, D.Y. Fan, M. Li, J.F. Hai, Z. 

H. Lu, Catalysts 10 (2020). 

S. Lee et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.apsusc.2021.151256
https://doi.org/10.1016/j.apsusc.2021.151256
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0005
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0005
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0010
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0020
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0025
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0025
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0030
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0030
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0035
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0035
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0040
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0040
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0045
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0045
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0050
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0055
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0055
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0060
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0060
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0065
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0065
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0070
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0070
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0075
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0080
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0085
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0090
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0090
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0095
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0100
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0100
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0105
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0105
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0110
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0110
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0115
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0115
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0120
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0125
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0125
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0130
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0135
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0135
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0140
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0140
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0145
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0145
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0150
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0150
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0155
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0155
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0160
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0165
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0170
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0175
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0175
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0180
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0180
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0185
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0185
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0190
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0190
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0195
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0195
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0200
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0200
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0205
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0210
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0210
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0215
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0215
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0220
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0220
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0225
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0225
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0230
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0230
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0230
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0235
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0235
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0240
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0245
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0245
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0245
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0250
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0250
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0255
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0255
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0255
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0260
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0265
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0270
http://refhub.elsevier.com/S0169-4332(21)02309-6/h0270

	Atomic layer deposited Pt nanoparticles on functionalized MoS2 as highly sensitive H2 sensor
	1 Introduction
	2 Experimental section
	2.1 Sample preparation
	2.2 Material characterization
	2.3 H2 sensing performance evaluation

	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary material
	References


