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A B S T R A C T

We fabricated a sensing layer from ink-printed WS2 flakes and utilized it for UV-activated gas sensing. The optical 
imaging of the structure made by repeated printing revealed the continuous layer comprising sub-µm flakes, 
confirmed independently by small-area AFM images (1×1 µm2). The activity of the sensing surface was inves
tigated locally via AFM scanning of the surface with a polarized probing tip. The results indicated that the applied 
UV light amplifies the existing conducting paths in the dark. These hot spots are associated with the sensing 
activity of the WS2 surface (local adsorption-desorption centers). Gas sensing experiments revealed that the DC 
resistance of the WS2 sensor changes in the opposite direction for increasing concentrations of NO2 and NH3, 
which correlates with the electron-accepting and electron-donating properties of these species. On the contrary, 
low-frequency noise intensifies gradually in both gases, and relative changes in noise responses are higher than 
DC resistance responses for all investigated concentrations. The lowest detection limit obtained was 103 ppb 
from DC responses for NO2 and 168 ppb from noise responses for NH3. The studies of sensing responses for 
mixtures of the mentioned target gases revealed that the amplitude of resistance fluctuations is not a direct 
summation of spectra obtained for pure compounds. Such an effect observed for mixed gases indicates that the 
intermittent reactions between both species before adsorbing at the sensing surface or in the adsorption centers 
impact their detection.

1. Introduction

Gas sensors are continuously highly interesting due to numerous 
practical needs (safety, industry, medical diagnosis [1,2]). 
Two-dimensional materials (2DMs) have become an essential platform 
for gas sensors. Starting from graphene, 2DMs have been extensively 
studied recently because of their unique properties – repeatable struc
tures of low dimensions with interesting physical properties and a high 
ratio of active surface to volume [3–5]. Transition metal dichalcoge
nides (TMDCs) belong to the group of 2DMs with the general formula 
MX2, where M is the transition metal (e.g., Mo, W, Nb, Ta, Zr) and X is 
the chalcogen atom (S, Se, Te). Those that exhibit semiconducting 
properties possess band gaps dependent on the number of stacked 
monolayers [6]. Thus, their physical and optoelectronic properties can 
be tuned on the fabrication level and adjusted to the desired applica
tions, which is impossible in graphene. Apart from the numerous ad
vantages of 2D materials, sensors based on graphene or TMDCs reported 
up-to-date exhibit some serious shortcomings. These include complex 
and expensive fabrication procedures, the need to functionalize the 

main material to increase its selectivity, slow responsivity, limited re
covery at ambient conditions and the problem with cross-sensitivity and 
distinguishing between different gases when they produce similar 
magnitude of sensing responses.

Among TMDCs, MoS2 is the leading representative observed to have 
attractive properties for gas detection, including light-assisted sensing 
[7–9]. Both visible light (corresponding to the optical band gap) and 
ultraviolet (UV) light were reported to enhance the gas-sensing prop
erties of MoS2 [10,11]. Since investigations on MoS2 were promising for 
the fabrication of sensors, studies on other semiconducting TMDCs have 
recently started to develop. Tungsten disulfide (WS2) is another 
two-dimensional (2D) semiconductor potentially used as a gas-sensitive 
part of the conductometric sensors. Its bandgap is higher than the MoS2 
mentioned above, and, therefore, it can be even more promising for 
some gas sensing because of the possibility of more intense energy 
barrier modulations (e.g., by light irradiation [12]). This material is still 
less investigated for gas sensing applications than other 2DMs. There
fore, the experimental studies are attractive for a better understanding 
gas sensing mechanisms and can result in enhanced sensing properties 
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and potentially new applications. Similarly to MoS2, the band gap of 
WS2 increases with the decreasing number of layers, going from ~1 eV 
in the bulk to ~2 eV in the monolayered form while also changing from 
indirect to direct gap [13,14]. 2D WS2 usually exhibits p-type conduc
tivity; however, it was recently presented that its n/p property can be 
tuned using different fabrication methods. For instance, a drop-coated 
film comprising WS2 flakes exhibited p-type conductivity, whereas 
inkjet-printed layers showed n-type behavior due to the interaction of 
the ink with an inert carrier gas (N2) during printing [15]. In general, 
solution processing followed by various coating and printing techniques, 
employed initially mainly for depositing organic materials, has become 
increasingly common for producing gas-sensitive layers from different 
2D structures [16–18]. Ink printing from solution with 2D flakes 
dispersed in the selected solvent requires less complex apparatus than 
chemical vapor deposition and less labor-demanding than mechanical 
exfoliation while preserving high production yield at low cost [19]. 
Ink-printed layers consisting of overlapping 2D flakes can provide 
multiple adsorption sites, particularly edges and connection spots be
tween nanoflakes. Incident light can additionally create binding sites 
during the photoactivation of the sensing surface. S. Noyce et al. 
investigated a single atomic layer of MoS2 incorporated in a field-effect 
transistor via atomic force microscopy with a customized tip polarized 
with a selected voltage bias [20]. The authors mapped the electrical 
activity of the channel with MoS2 monolayer and discovered specific hot 
spots whose activity increased with increasing voltage between the FET 
channel and the mapping tip. The intriguing but not yet explored issue is 
how light activation affects the hot spots in the 2D structure and how it 
can be related to gas adsorption. Mapping the sensitivity of printed WS2 
layers utilized in light-assisted gas sensors can be crucial to under
standing light-driven detection by ink-printed devices.

Ink-printed layers consist of multiple structures, so their specific 
morphology can result in lower sensitivity and selectivity than indi
vidual single-atomic layers because electron hopping between the flakes 
reduces the semiconducting character of the WS2 single-atom layer. 
Monitoring changes in DC resistance is the primary way to measure 
responses to gases induced in resistive sensors. However, low-frequency 
resistance fluctuations (fluctuation-enhanced sensing – FES) can also 
provide valuable information for gas detection [21]. The FES manifested 
its utility in discriminating between some organic vapors by 
graphene-FET [13] or identifying NO2 concentrations by carbon nano
tube networks [22]. Processes of charge trapping and scattering occur
ring during molecular adsorption/desorption induce fluctuations in the 
resistance of the gas-sensitive material [23]. The limited research on 
employing the FES method for light-enhanced gas sensors by 2D mate
rials leaves room for original discoveries, especially for detecting mix
tures of different gases by a single sensor and studying the effect of their 
cross-sensitivity – the practical problem that needs fixing. These issues 
are addressed in our studies, trying to explain the existing research gap 
when a low-cost gas sensor operating at RT is proposed.

This work demonstrates a resistive sensor with the ink-printed layer 
comprising WS2 flakes studied in the atmosphere of two gases of 
opposite redox properties. The measurement methodology includes 
collecting DC resistance responses in time and resistance fluctuations 
spectra in the low-frequency range (1–800 Hz) under selected ambient 
conditions. Electrical AFM investigated the effect of UV light activation 
of the WS2 layer, which confirmed that UV irradiation locally enhanced 
conductivity in the structure of overlapping WS2 flakes. The UV-assisted 
sensor was studied in different ambient gases, including the mixtures of 
nitrogen dioxide (NO2) and ammonia (NH3), which unraveled the 
specificity and complexity of detecting two crossing gases with distinct 
resistance and noise features. This way, we demonstrate the utility of the 
FES method toward mixed concentrations of gases detected by UV- 
enhanced ink-printed sensors. Additionally, mapping of the sensing 
surface activity employing AFM supports understanding the effect 
induced by UV light. Irradiation creates (or amplifies) hot spots of 
enhanced carrier transport properties, which locally increases the 

number of binding sites exploitable during molecular adsorption. Our 
work emphasizes the methodology of utilizing DC resistance monitoring 
with FES for UV-enhanced printed gas sensors based on WS2 flakes. By 
simplifying the fabrication of the WS2-based sensors and introducing the 
FES method and machine learning for differentiating between target 
species, we point toward low-cost devices for NO2 and NH3 detection 
(including mixtures of these gases).

2. Experimental section

2.1. Ink-printed sensors fabrication

WS2 flakes dispersed in ethanol-water solution (concentration of 
flakes = 26 mg/L) were purchased from Graphene Supermarket and 
used as ink to print gas sensing layers. The lateral size of flakes is 
50–150 nm, and their thickness is 1–4 monolayers. The structural and 
optical characteristics of pristine WS2 flakes, including SEM image, 
UV–vis absorption spectrum, Raman spectrum, and depiction of the 
crystal structure, can be found on the producer’s website (www.graph 
ene-supermarket.com). Ceramic (Al2O3) platforms from Tesla (type 
KBI2) were used as substrates for WS2 flakes deposition. Each sensing 
substrate has a platinum interdigitated electrodes structure (IDES) of 
line/gap width of 15/15 µm. More details on the used ceramic substrates 
can be found on the producer’s website (www.tesla-blatna.cz).

Prior to ink printing of WS2 layers, ceramic substrates were ultra
sonically cleaned in isopropanol and acetone and cleansed with deion
ized water. The solution with WS2 nanoflakes was subjected to 
sonication for 30 minutes to ensure no aggregates. Printing of the 
sensing layer was realized using Nordson Precision Fluid Dispenser (type 
Ultimus Plus II). Droplets covering the whole IDES were formed using 
the needle tip of the inner diameter of 610 µm. The time of releasing a 
single droplet was 0.05 s, and the carrier gas (N2) pressure was 0.04 bar. 
Printing repetitions were performed ten times to ensure the continuity of 
the printed layer between the electrodes. After the deposition of each 
droplet, the material was dried in airflow (~50 ◦C) to evaporate the 
residuals of the solvent. The same printing procedure was performed to 
obtain WS2 layers on Si/SiO2 for optical imaging and on glass substrates 
with deposited Au layer for electrical AFM imaging. The photographs of 
the printing station and WS2 sensor with the scheme of the printing 
process are demonstrated in Fig. A1.

2.2. Optical, electrical, and flicker noise measurements

Optical imaging of the printed WS2 flakes was performed using a 
Delta Optical MET-1000-TRF microscope with up to 1000x magnifica
tion. AFM imaging (topographic and current) was realized using the 
Ntegra Prima atomic force microscope manufactured by NT-MDT 
(Russia). For contact mode scanning (by-sample mode), a CSG10Pt 
probe manufactured by NT-MDT was utilized. The probe was charac
terized by the following geometric parameters: cantilever length 225 
±5 µm, width 30±5 µm, thickness 0.5±1.5 µm, tip curvature radius 
15–20 nm, the thickness of Pt conductive tip coating was 20–30 nm. The 
value of the spring constant (k = 0.1 N/m) was determined by the Sader 
method and corresponded to the contact force of 12 nN. The current flow 
was caused by applying a voltage of 5 V transversely to the applied layer. 
Scanning was performed at a speed of 1.01 µm/s, corresponding to 
spatial resolution of 3.92 nm. UV irradiation was realized using the same 
LED, type PB2D-1CLA-TC (wavelength of 275 nm and optical power 
density of 1.59 mW/cm2) as for other measurements. The TS-150 active 
anti-vibration table was also part of the vibration-damping system.

For electrical and low-frequency noise measurements, IDES termi
nals of the sensor were connected with the measuring and biasing units 
via the Teflon board to reduce eventual leakage currents. The sensor was 
connected in series with the loading resistor of R = 478 kΩ (having a 
similar magnitude to the sensor resistance). Keysight E3648A DC power 
supplier was used to polarize the sensor and the resistor. Time-resolved 
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measurements were conducted at 20 V bias, resulting in 6–10 V across 
the sensor. Low-frequency noise measurements were performed using 
the same circuit with two accumulators. Noise spectra were collected 
with a signal analyzer (Stanford Research Systems, model SR785), and 
the signal was amplified using a low-noise voltage amplifier (Stanford 
Research Systems, model SR560). The sensing chamber, batteries, and 
voltage amplifier were put inside a grounded metal shielding box 
covered with an amorphous cobalt foil, type MCF5 YSHIELD® (yshield. 
com), to reduce external noise interferences at low frequencies, the ef
fect of ambient light, laboratory airflow, and ambient temperature 
changes. The sensing responses were monitored in the dark and under 
UV light (275 nm, 1.59 mW/cm2). UV LED was positioned close to the 
sensing surface (less than 0.5 cm).

The circuit used for DC and noise measurements utilized the voltage 
divider (sensor RS in series with resistor R), so RS was calculated as 
(VS⋅R)/(V0-VS), where VS is the measured voltage across the sensor, and 
R and V0 are 478 kΩ and 20 V, respectively. Similarly, the measured 
voltage fluctuations (power spectral density of voltage fluctuations, SV) 
were converted into power spectral density of resistance fluctuations SR 
by following dependence: SR/RS

2 = SV/V0
2⋅[(R+RS)2/(R⋅RS)2], as pre

sented elsewhere [24]. The detection limit (DL) was calculated based on 
changes in the sensor resistance in time or the average noise spectrum in 
the selected frequency range (2–20 Hz). The procedure for DL estimation 
is described in detail in Supplementary Material.

2.3. Gas-sensing experiments

We selected nitrogen dioxide (NO2) and ammonia (NH3) as target 

gases due to their opposite redox properties. Both gases are harmful to 
the environment and humans at concentrations of single ppm and below 
and are relevant for studying the effect of cross-sensitivity. Dry synthetic 
air (S.A.) was used as a carrier gas and a reference atmosphere. To obtain 
selected concentrations of target gases, we mixed S.A. with calibrating 
gases (20 ppm of NO2 diluted in S.A. or 30 ppm of NH3 diluted in N2) at 
specific proportions. We maintained a constant overall gas flow of 
50 mL/min regulated by mass flow controllers (Analyt-MTC, model 
GFC17). Sensing experiments were conducted at room temperature (RT 
~25 ◦C) and ambient pressure (~1 bar). For experiments with a humid 
atmosphere, relative humidity (RH) of 40 % was produced by trans
ferring 50 mL/min of S.A. through the container with deionized water 
before mixing with target gases and reaching the sensing surface.

3. Results and discussion

An optical image of the ink-printed layer (Fig. 1a) indicates that WS2 
flakes formed a continuous film on the micrometer level after ten 
printing repetitions. Printing sensing layers from inks with low-viscosity 
solvents (e.g., ethanol) usually leads to the coffee-ring effect at the edges 
of the released droplet, formed due to the faster evaporation of the 
solvent at the droplet edge than in its center [16]. Comparing optical 
images in the center and at the edge of the deposited WS2 layer (Fig. A2), 
the discontinuity starts to be visible in some parts of the film, around 
50–60 µm from the outer edge of the droplet. To avoid the in
homogeneity of the sensing layer printed on Pt electrodes (inset in 
Fig. 1a), the printing parameters were adjusted to form a droplet 
covering a larger area than only the IDES part of the ceramic substrate. 

Fig. 1. (a) Optical image of the WS2 layer under 500x magnification (the scale bar is 20 µm) printed on a ceramic substrate with IDES of line/gap of 15/15 µm (the 
picture of the substrate under 50x magnification in the inset). (b) An AFM image of the WS2 layer obtained after ten printing repetitions. An AFM image in the 
electrical mode for (c) non-irradiated sample and (d) for the same area irradiated with UV light. The yellow ovals indicate UV-activated areas.
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The percolation path was provided by flakes overlapping each other 
after multiple printing repetitions. AFM image of the WS2 layer shows 
that the thin film consists of aggregated sub-µm flakes, and the structure 
height varies at around tens of nanometers (Fig. 1b). The thickness of the 
ink-printed WS2 layer measured locally with a profilometer was 50 nm 
on average, which agrees with the AFM imaging results. WS2 thin film 
printed on the glass substrate with an Au conducting layer was used to 
map the electrical activity of the sensing surface by a polarized AFM 
probe. The current flowing from the conducting substrate to the probing 
tip through the WS2 layer was measured locally, revealing some elec
trically active spots corresponding primarily to the edges of the 
agglomerated nanoflakes (Fig. 1c). These hot spots provide charge 
transfer through the printed layer and can be correlated with the 
localized surface activity of the resistive gas sensor. After irradiation 
with UV light, the activity of spots visible in the dark was magnified, and 
a few appeared in new locations. Yellow ovals in Fig. 1d highlight the 
hot spots visible only after irradiating the structure with UV light. 
Notably, photoactivation of the WS2 layer occurs non-homogeneously; 
however, UV light activates the surface and increases charge transfer 
through the printed structure by photoinduced charge carriers. Such 
surface activation can be beneficial for enhanced gas detection based on 
surface adsorption and charge transfer between molecules and the 
sensing surface.

We started gas sensing experiments by comparing the repeatability 
of DC resistance responses to NO2 and NH3 in the dark and under UV 
light. Fig. 2 shows that sensor resistance RS varies between about 0.1 and 
0.4 MΩ depending on the ambient gas and irradiation conditions when 

the voltage across the sensor was set between 6–10 V. The voltage 
divider was supplied with a voltage V0 = 20 V. We opted for >6 V across 
the sensor to obtain the stable baseline; however, we observed that the 
relative change in the sensor resistance induced by UV light or target gas 
was the same regardless of the voltage supply (reduced to even 1 V), 
despite the semiconducting character of the WS2 layer. Thus, we believe 
the voltage supply could be reduced at least a few times, which offers 
low power consumption while maintaining the sensor responsivity. 
Sensor baseline resistance in S.A. decreased almost twice, which can be 
explained by the effect of UV irradiation that cleans the surface from the 
adsorbed oxygen and humidity. The anti-humidity effect was observed 
before for UV-assisted WS2/PbS heterostructure [25] and is a 
well-established effect for UV-irradiated sensors composed of 
low-dimensional materials [26,27]. Five consecutive cycles of intro
ducing 5 ppm of NO2 or NH3 resulted in repeatable responses with the 
absolute changes in RS higher for the irradiated sensor (almost two times 
for NO2 and more than three times for NH3). RS increases in the presence 
of NO2 and decreases for NH3, as these gases exhibit opposite oxi
dizing/reducing properties. NO2 is an electron-accepting molecule that 
captures electrons from the conduction band of WS2. NO2 adsorption 
increasing sensor resistance indicates that the WS2 layer behaves as an 
n-type semiconductor. This is confirmed by the decreasing resistance 
after the adsorption of NH3, an electron-donating compound. Such 
semiconducting behavior is less common for WS2 flakes of nanoscale 
dimensions as this material usually exhibits p-type conductivity in the 
low-dimensional form. Nevertheless, n-type conductivity has been re
ported recently for printed WS2 layers, indicating that the fabrication 

Fig. 2. Time-resolved measurements (sensor resistance RS) of the ink-printed WS2 sensor in the dark and under UV light (275 nm) for five consecutive cycles of (a) 
5 ppm NO2 and (b) 5 ppm NH3 introduction. The voltage bias V0 = 20 V. The effect of RH 40 % (c) on the sensor resistance baseline and (d) on responses to 5 ppm of 
NO2 and NH3 under UV irradiation. The value for dry S.A. conditions was derived as an average response from five cycles presented in (a) and (b).
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process can be adjusted to tune the n/p semiconducting properties of this 
material [15]. We estimated the response and recovery times based on 
cycles from Fig. 2a (NO2) and Fig. 2b (NH3) as an average value from 
five consecutive detection cycles. We define the response and recovery 
time as the time required for the sensor to reach 90 % of the saturated 
response/recovery. In the case of NO2, the average response time was 
1218 s in the dark and almost two times shorter – 656 s under UV light, 
whereas the recovery time was 1122 s in the dark and only 450 s under 
irradiation. For NH3, the response/recovery time was 874/908 s in the 
dark and 630/646 s under UV light, showing an enhancement in the 
speed of operation for both investigated gases when the sensing surface 
is irradiated.

We also tested the effect of relative humidity (RH) on sensing re
sponses. We utilized humid air of RH = 40 % and measured how the 
sensing baseline stabilized in time. In Fig. 2c, we notice that a humid 
atmosphere increases the sensor resistance by ~20 % in the first 
30 minutes, and then the baseline stabilizes. Moreover, we tested 
whether such humid air changes the sensor responsivity to NO2 and 
NH3. Fig. 2d compares the relative changes in sensor resistance obtained 
in dry and humid S.A., which are close in values. Notably, in our mea
surements, we reduce the effect of humidity by utilizing irradiation with 
UV light. Water molecules occupy some adsorption/desorption centers, 
but UV irradiation assures sufficient binding sites for investigated gases. 
Thus, the responses to NO2 and NH3 are similar, at least for RH ~40 % 
(the typical value for indoor ambiance). Therefore, we focused on 
studying sensing responses in dry S.A. for further experiments with 
varied and mixed concentrations of NO2 and NH3. We also want to 
notice that the sensor baseline resistance was stable and remained at 
similar levels after irradiation with UV light (~300 kΩ) for more than 
nine months. The sensor also maintained its responsivity to two inves
tigated gases (NO2 and NH3) and their mixtures over a few months of 
exploitation. We observed that the sensor DC resistance stabilizes under 
UV light after polarizing the sample, and the irradiation time can be 
modulated and extended if necessary when the sensor remained in the 
ambient conditions for longer or aged.

Next, we tested the sensor responsivity to selected concentrations of 
target gases under UV light. Fig. 3 depicts the results of the quantitative 
detection of NO2 and NH3 (1–10 ppm) established as the relative 
changes in the sensor resistance, where the reference condition was 
baseline resistance R0 at the beginning of each measurement (Time =
0 from the corresponding graphs). The results demonstrate that NO2 
induces more significant changes in RS than NH3, presumably ascribed 
to the higher adsorption energy of NO2. Thus, 10 ppm of NO2 changes RS 
to 20 %, whereas the same ammonia concentration induces a resistance 
decrease of less than 10 %. We also tested if the sensor responds to other 

gases, e.g., organic ethanol. DC resistance measurements with 110 ppm 
of ethanol revealed a response of ~68 %. It signals that the WS2 sensor 
has limited selectivity and can be highly sensitive to various gases; 
therefore, an extended methodology of measurements and data analysis 
are required to utilize the unmodified ink-printed WS2 layers as gas 
sensors in practical applications.

Apart from the sensor DC resistance in selected atmospheres, the 
random resistance component can provide information about the 
detected gases and their concentrations. Fig. 4 summarizes the noise 
spectra collected for selected concentrations of NO2 and NH3 
(1–10 ppm) in the dark and under UV light. WS2 sensor exhibits 1/f-like 
noise in the investigated frequency range, and the noise intensity 
gradually increases with the increasing concentration of both gases. The 
lack of distinct Lorenztian components in the spectrum indicates that the 
observed noise is most likely generated by multiple trapping states over 
a wide range of relaxation times. Then, the ultimate low-frequency noise 
spectrum is the summation of numerous events of different lifetimes 
observed in semiconductors [28].

Fig. 5 shows the product of normalized power spectral density of 
resistance fluctuations and the frequency SR(f)/R2×f. A concentration of 
1 ppm induced a minor effect close to the S.A. case for both species. 
Producing the concentration of 1 ppm was burdened with a significant 
error due to limitations of the utilized gas calibration system, so this 
point was omitted in the subsequent analysis of noise responses. The 
data points in Fig. 5 correspond to the average value from the 2–20 Hz 
frequency range, selected as the most informative noise bandwidth 
preserving linear dependence with gas concentration increase, and show 
the differences between the noise amplitude in the dark and under UV 
light. The change in SR(f)/RS

2×f due to increasing gas concentrations 
follows a linear dependence. In the case of all concentrations of NH3, the 
variation between dark and light-enhanced conditions is minor. For 
NO2, the differences start to be more apparent for higher concentrations, 
over 2 ppm. In this case, the change in the noise amplitude is steeper for 
the UV-irradiated sensor. Even though NO2 and NH3 produce opposite 
changes in sensor DC resistance, the adsorption of both gases causes 
increased resistance fluctuations. The adsorbed molecules act as scat
tering centers for charge carriers, like additional surface defects, 
increasing flicker noise intensity with the number of adsorbed/desorbed 
molecules (increased gas concentration).

The dependence between the relative change in DC resistance or 
noise amplitude and concentration of target gases informs about the 
sensitivity of the investigated WS2 gas sensor. Fig. 6 presents the relative 
changes in sensor DC resistance or normalized power spectral density of 
resistance fluctuations multiplied by f in reference to the case of S.A. 
Detection limits (DLs) for NO2 and NH3 were calculated separately for 

Fig. 3. Time-resolved measurements (relative change of sensor resistance ΔRS in reference to R0 in S.A.) of the ink-printed WS2 sensor under UV light (275 nm) for 
(a) 1–10 ppm NO2 and (b) 1–10 ppm NH3. The voltage bias V0 = 20 V.
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DC resistance and noise data. For NO2, DL was estimated as 103 ppb 
from DC resistance responses and 220 ppb from noise responses. Addi
tional DC resistance measurements with NO2 of lower concentrations 
(50–500 ppb) showed that the WS2 sensor is responsive to concentra
tions at ppb level for this gas (see Fig. A3). Theoretical DL estimated for 

data points obtained in the low-concentration range was only 6 ppb, 
showing a potential of the printed sensor working with high-sensitivity 
when the high-accuracy measuring equipment is used. Even though 
lower DL was obtained from DC measurements, the noise responses were 
approximately two times higher for all concentrations. For instance, 
adsorption of 10 ppm of NO2 resulted in the growth in sensor resistance 
by 22 %, but the average noise intensity increased by 52 %. The dif
ference between resistance and noise responses is even more apparent 
for NH3. For 10 ppm of ammonia, resistance change was only 7 %, 
whereas the noise intensity increased by 41 %, which is almost six times 
higher. Moreover, DL estimated using noise measurements was reduced 
to 168 ppb for NH3. The results of DL estimation are biased by lower 
accuracy of noise measurements due to random error of the estimated 
power spectral density (averaging within 400 spectra, each at observa
tion time = 1 s, supports the reduction of the random error to 5 %). 
Moreover, the method of DL estimation has additional limitations in the 
case of nonlinear sensor response. The corresponding DL values can be 
much better when we only apply more accurate noise measurement 
results and the range of DC resistance changes versus gas concentration 
to its linear dependence. These factors will reduce the RMS value esti
mated for the noise data and result in lower DL values.

The effect of cross-sensitivity to various gases of different sensing 
materials is a challenge for producing highly efficient devices – sensors 
able to detect gas mixture components. Although the selectivity to 
particular analytes can be improved through surface functionalization 
or fabricating hybrid structures and, therefore, can limit the effect of 
background species, the cross-reactivity of sensors based on 2D mate
rials requires broader studies. Two target gases investigated in this work 

Fig. 4. Power spectral density of resistance fluctuations SR normalized to the square of sensor resistance RS
2 measured between 1–800 Hz for selected concentrations 

of NO2: (a) – in the dark and (c) – under UV light (275 nm); and NH3: (b) – in the dark and (d) – under UV light (275 nm). Dashed lines marked on the graphs follow 
the 1/f-like dependence. The voltage bias V0 = 20 V.

Fig. 5. The product of normalized power spectral density of resistance fluctu
ations SR(f)/RS

2 and frequency f as an averaged value in the range 2–20 Hz for 
NO2 and NH3 in the dark and under UV light (275 nm).
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are common toxic species occurring in the ambient air at varied con
centrations due to automotive and industrial processes (NO2) or agri
cultural sector (NH3). Thus, the sensor operating in the real-life scenario 
is highly likely to be affected by both gases simultaneously. Therefore, 
we studied the effect of their mixed concentrations on the ink-printed 
WS2 sensor and compared noise and resistive responses to selected 
mixtures. Fig. 7 presents three-dimensional graphs summarizing the 
relative changes induced in sensor DC resistance and its random fluc
tuations by concentrations of pure and mixed gases. Data points for 
relative changes in noise were derived from the low-frequency noise 
spectra demonstrated in Fig. A4. Measurements of selected concentra
tions of pure NO2 or NH3 gases confirm that both gases produce changes 

in DC resistance in opposite directions. Still, the direction of changes in 
noise spectra with increasing gas concentration is the same for the 
considered gases of opposite redox properties (see Fig. A5).

Moreover, NO2 generates a few times higher DC resistance responses 
than NH3, but both gases affect the low-frequency noise spectra in the 
same magnitude for their considered concentrations. Interestingly, the 
relative changes in resistance fluctuations are not a direct summation of 
the noise amplitude of both gases in the case of the mixtures. Instead, all 
data points obtained for mixed concentrations are between or below 
those obtained for pure NO2 and NH3. Another intriguing observation is 
that most of the DC resistance responses are negative for mixed con
centrations, even though the electron-accepting NO2 was observed to 

Fig. 6. Dependence between the concentration of the target gases and the relative change of (a) sensor resistance ΔRS in reference to R0 in S.A. or (b) normalized 
power spectral density of resistance fluctuations multiplied by f as the average value in the 2–20 Hz range ΔSR in reference to SR0 in S.A. Solid curves refer to the 
polynomial functions fitted to the experimental data points, and dashed lines are linear fits used to estimate detection limits.

Fig. 7. (a) Relative change in the average value of SR(f)/RS
2×f (in the range 2–20 Hz) at specific target gases (ΔSR) in reference to the corresponding value in S.A. 

(SR0) and (b) relative change in the sensor resistance (ΔRS) in reference to the corresponding value in S.A. (R0). The measurements were performed under UV light 
(275 nm) and at a voltage bias V0 = 20 V. Green and blue points refer to pure NO2 or NH3 concentrations, whereas red points depict their mixtures and S.A. case. 
Black points are the X-Y projection of the 3D points for guidance and easier analysis of the results.
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produce higher relative changes in sensor resistance when it remained 
the only target gas and was expected to dominate the sensor respon
sivity. In this case, it looks like NH3 has the dominant effect on DC 
resistance when both gases are mixed. The partial suppression of low- 
frequency noise and DC responses not being exact resultant quantities 
in the case of mixtures suggest more complex sensing mechanisms and 
processes occurring at or close to the sensing surface of WS2 flakes. 
These effects can be explained by interactions between the molecules of 
the considered gases, creating distinct responses and affecting charge 
transfer at the sensing interface in a particular way. We also performed 
dynamic sensing studies to see the direction of changes in the DC 
resistance when NO2 and NH3 of selected concentrations are introduced 
simultaneously. Fig. A6 shows how the sensor resistance changes in the 
30-minute cycles of mixture introduction. It confirms that for small 
concentration of NH3 (2 ppm), NO2 dominates the response, especially 
in the first minutes. On the other hand, when 5 or 10 ppm of NH3 is 
admitted to the sensing surface, the reducing gas starts to decrease 
sensor resistance. It signifies that after longer exposure to both gases, 
NH3 can dominate the DC resistance, whereas NO2 provides an imme
diate and dominant effect in the first minutes of the detection cycle. The 
detailed explanation of the observed gas-crossing effects requires more 
in-depth studies. Additionally, we suppose these mechanisms can only 
be characteristic of the considered gases and can be modified at different 
concentrations. Some reactions should occur at the gas sensing layer but 
in the ambient gas mixture, depending on gas concentrations and the 
probability of occurrence.

The presented detection data confirm that a single ink-printed WS2 
sensor can detect two toxic gases, namely NO2 and NH3, when only one 
is present in the ambient atmosphere. The change of DC resistance 
(Fig. 3) compared with the recorded one at the ambient atmosphere of S. 
A. determines which gas was introduced. Then, the intensity of flicker 
noise can be used to determine gas concentrations by considering the 
linear dependence presented in Fig. 5. This situation is similar to that 
presented elsewhere [29] but with much better gas sensitivity observed 
for the proposed ink-printed WS2 sensor.

When we consider the data recorded for the investigated gas mixture 
of NO2 and NH3, the detection results by the studied single sensor of two 
gas components are less vivid. The data (Fig. 7) report an ambiguous 
behavior of the sensor at selected gas mixture compositions. The 
observed flicker noise changes (Fig. 7a) were determined mainly by NO2 
concentrations. The presence of NH3 had some impact on the noise in
tensity, but only at the lowest considered concentrations of NO2. How
ever, considering the changes in DC resistance, the situation is less clear 
(Fig. 7b). NO2 gas dominates the sensor DC resistance only at low con
centrations of NH3. When a concentration of NH3 exceeds 5 ppm, we 
observe an opposite direction of DC resistance changes induced by NO2 
increase. This means that the contrary effects of these two gases on the 
DC resistance of the sensor reduce the possibility of gas mixture iden
tification to some limits of concentrations. Better results of gas mixture 
components identification can be expected when the sensor is addi
tionally modulated (e.g., by UV irradiation of various optical powers or 
wavelengths) to secure more data for the considered detection algo
rithms. Such an approach was successfully applied to gas sensors else
where using support vector machine (SVM) or other machine learning 
algorithms [29–31]. As an example, the SVM algorithm classifies data by 
finding the most optimum hyperplane to maximize the distance between 
different classes of data; it can also be used for regression models. SVM 
can be very efficient for high dimensional spaces (as in the case of the 
FES method) and when there is a nonlinear dependence between the 
variables (e.g., noise intensity and gas concentration).

We applied detection algorithms to determine gas mixture compo
nents by the considered gas sensor, using the data of DC resistances (9 
values for the considered NO2 and NH3 concentrations but excluding the 
cases for zero concentrations of NO2 or NH3 – see Fig. 7) and noise power 
spectral densities (9 functions SR(f)/RS

2×f in the selected subband 
2–20 Hz). We excluded seven measurement points in Fig. 7 (no presence 

of NO2, NH3, or both gases) because these data were biased by a drift 
visible in measurement time. We suppose that there is a slow diffusion 
process that is better visible at low concentrations of the considered 
gases. However, it should be reduced when the sensor thickness is 
optimized, and the sensor is effectively refreshed between consecutive 
measurements. More details on the used detection algorithms, are 
described in Supplementary Material.

Exemplary results for detecting gas mixture components are pre
sented in Fig. 8. As we mentioned above, NO2 is determined mainly by 
noise power spectral density, and NH3 is determined mainly by DC 
resistance in the considered range of gas concentrations 2–10 ppm. 
Therefore, we investigated NO2 detection at the random error of noise 
power spectra estimation increased by 10 % (k = 100, random error 
equals 100 %/sqrt(k) [32], Fig. 8a), and NH3 detection at DC resistance 
error increased by 1 % (Fig. 8b). The results suggest that NO2 and NH3 
can be detected in a gas mixture by a single WS2 sensor utilizing DC 
resistance and its fluctuations (power spectral density of resistance 
fluctuations) but at their limited concentration range. The worked-out 
detection model is robust against measurement errors but only to 
some extent. We conclude that a single WS2 gas sensor can determine gas 
components (NO2 and NH3) of the considered gas mixture at selected 
concentrations. Still, these conclusions cannot be transferred to other 
mixtures.

4. Conclusions

We demonstrated an ink-printed WS2 sensor for UV-assisted detec
tion of two gases of opposite redox properties (oxidizing NO2 and 
reducing NH3). We presented the prospect of utilizing measurements of 
both DC and random components of resistance toward gas detection. 
The effect of UV light on the surface of the WS2 structure was depicted 
on electrical-AFM images, which showed that irradiation was respon
sible for amplified charge transfer and activation of the sensing surface. 
This had implications on sensor responses toward target gases, espe
cially in the DC resistance response. Low-frequency noise spectra 
revealed that the fluctuations in the WS2 sensor follow 1/f-like depen
dence, with the noise intensity increasing proportionally to the con
centration of gases. Detection limits estimated from relative changes in 
sensor DC resistance or noise amplitude (averaged between 2–20 Hz) 
were 103 ppb or 220 ppb for NO2 and 553 ppb or 168 ppb for NH3. 
Although the overall noise responses were higher than DC resistance 
responses, the estimation of theoretical DLs is biased by the lower ac
curacy of noise measurements. Still, this result can be improved by 
lowering the random error of the estimated noise power spectral den
sities using more extended measurements and longer averaging of noise 
data. Compared to other reports, such low limits of detection for NO2 
(hundreds or tens of ppb) were obtained before for WS2-based sensors 
but either in high temperature (180 ◦C) [13] or for a hybrid structure 
that does not facilitate a simplified fabrication [25]. Comparing our 
sensors with those reported in recent years, we propose to use pure WS2 
material without complex fabrication procedures or structure modifi
cations and UV light assistance at RT instead of heating. Supplementary 
Table A.1 summarizes and compares gas sensing devices based on WS2 
reported in recent years with the one proposed in our work.

Detecting mixtures of gases and the effect of the sensor cross- 
sensitivity remains an open issue. The primary observation is that the 
ultimate DC resistance or low-frequency noise response toward a 
mixture of selected concentrations is not a direct summation of the data 
obtained for pure gases. Therefore, the interaction between NO2 and 
NH3 during the transfer to the sensing surface or at the interface of the 
material must be included and requires more in-depth investigation, e.g., 
based on computational methods. The proposed ink-printed WS2 sensor 
can determine concentrations of the mixed NO2 and NH3 gases for a 
considered but limited range of their concentrations when the selected 
SVM algorithm is applied. The detection model is robust against mea
surement error to some extent. Our work presents the potential of using 
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ink-printed WS2-based resistors to quantitatively detect toxic species by 
combining DC resistance and low-frequency noise measurements with 
UV light that activates detection sites (hot spots) in the WS2 structure. 
Additionally, our results shed light on the possibilities of detecting 
mixed concentrations of target gases of opposite redox properties based 
on DC resistance and noise responses of the printed WS2. We also want to 
highlight that although we focused on studying sensing responses to 
mixtures of two target gases, the effect of humidity on the DC and noise 
sensor response can also add an informative contribution to machine 
learning models. In our studies, we purposely limited the effect of RH by 
utilizing UV irradiation of a short wavelength (275 nm) that helps to 
clean the sensing surface from the preadsorbed molecules and prevents 
humidity from re-adsorption during gas detection. We believe the pre
sented results are valuable for gas sensing with UV-light assistance for 
mixed target gases; however, the issue requires broader investigation 
because of additional phenomena that may occur between target gases 
and water molecules, specifically when the RH level changes during 
detection time.
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