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Abstract: Hydrogen (H2) is a renewable energy source that has the potential to reduce greenhouse gas
emissions. However, H2 is also highly flammable and explosive, requiring sensitive and safe sensors
for its detection. This work presents the synthesis and characterization of WO3/graphene binary and
WO3/graphene/Pd (WG-Pd) ternary nanocomposites with varying graphene and Pd contents using
the microwave-assisted hydrothermal method. The excellent catalytic efficacy of Pd nanoparticles
facilitated the disintegration of hydrogen molecules into hydrogen atoms with heightened activity,
consequently improving the gas-sensing properties of the material. Furthermore, the incorporation of
graphene, possessing high conductivity, serves to augment the mobility of charge carriers within the
ternary materials, thereby expediting the response/recovery rates of gas sensors. Both graphene and
Pd nanoparticles, with work functions distinct from WO3, engender the formation of a heterojunction
at the interface of these diverse materials. This enhances the efficacy of electron–hole pair separation
and further amplifies the gas-sensing performance of the ternary materials. Consequently, the WG-Pd
based sensors exhibited the best gas-sensing performance when compared to anther materials, such as
a wide range of hydrogen concentrations (0.05–4 vol.%), a short response time and a good selectivity
below 100 ◦C, even at room temperature. This result indicates that WG-Pd ternary materials are a
promising room-temperature hydrogen-sensing materials for H2 detection.

Keywords: WO3; graphene; Pd; microwave; hydrothermal; H2; sensors; room temperature

1. Introduction

Hydrogen, an eco-friendly and renewable energy source, has gained considerable
interest in its wide range of applications, including automobile, fuel cell and space rocket
applications [1,2]. However, hydrogen exhibits a colorless, odorless and explosive nature
with a low ignition energy (0.02 mJ) and a wide flammable range of 4–74 vol.% in air, leading
to many safety issues [3,4]. Therefore, rapid and accurate detection of hydrogen leakage is
necessary for large-scale utilization of hydrogen. In recent years, chemiresistive hydrogen
sensors based on metal oxide semiconductors (MOS), such as ZnO, SnO2, MoO3, WO3,
etc., have been widely applied to hydrogen detection due to their low cost, high sensitivity
and short recovery time [5–8]. Among these MOS, WO3, with its unique morphological
structure, gasochromic properties, and high diffusion coefficient of oxygen vacancies, has
proven to be one of the most attractive sensing materials [9]. However, the pure WO3
sensors need a high working temperature (200–400 ◦C) to detect hydrogen, which may lead
to power consumption and source of ignition [10,11].

Based on recent research findings, incorporating graphene or its derivatives (such as
graphene oxide or reduced graphene oxide) has emerged as a promising strategy to lower
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the operating temperature of MOS-based sensors. This is attributed to the remarkable
properties of graphene, including excellent conductivity, high carrier mobility at room tem-
perature, low electrical noise and a large surface area [12–14]. Moreover, graphene and its
derivatives have various active sites (such as oxygen functional groups, defects, vacancies
and π-π covalent bonds) that can selectively adsorb target gases, thereby enhancing the sen-
sitivity and selectivity of the sensors. Furthermore, a heterogeneous structure (p–n or p-p
junction) can be formed at the interface between graphene and metal oxides. This structure
can facilitate the adsorption or resistance modulation of target gas molecules, which can
improve the sensing performance of the material [15]. Consequently, chemiresistive sensors
based on WO3 sheets, hemispheres, aerogels, etc., combined with graphene have demon-
strated lower working temperatures (<150 ◦C) towards target gases. For instance, Chu
et al. reduced the optimal operating temperature of WO3 from 180 ◦C to 100 ◦C by adding
0.1 wt% graphene [16]. Gui et al. fabricated hemispherical WO3/graphene nanocomposites
with hollow structures to achieve triethylamine sensing at room temperature [17]. Zhao
et al. synthesized mesoporous WO3@graphene aerogel nanocomposites, which exhibited a
good response to acetone at 150 ◦C [18].

The hydrogen-sensing properties (e.g., sensitivity, response time and selectivity) of
MOS can also be enhanced by decorating them with noble metals (such as Au, Ag, Pt or Pd).
This enhancement results from the chemical and electronic sensitization of noble metals,
where the former is achieved by the dissociation of hydrogen molecules and the latter by
the change of electron depletion layers generated by heterogeneous structures [19]. Among
these noble metals, Pd is considered to have the greatest effect on improving the hydrogen-
sensing performance. It can spill over hydrogen molecules into atoms, which combine with
Pd to form palladium hydride, resulting in a significant change in resistance. This reaction
is reversible at room temperature. For example, Zhu et al. synthesized PdNPs@WO3NPs,
which showed a fast response (1.2 s) to hydrogen at 50 ◦C [20]. Le et al. fabricated a fast
and efficient hydrogen gas sensor using PdAualloy@ZnO core–shell nanoparticles [21].

In this study, we examined the morphology and distribution of WO3/graphene binary
materials and WO3/graphene/Pd ternary materials (WG-Pd) fabricated by microwave-
assisted hydrothermal method. The structure of both binary and ternary materials was
influenced by the content of graphene and Pd. Moreover, we investigated the relationship
between the content of graphene in WO3/graphene binary materials and their hydrogen-
sensing properties to determine the optimal graphene content for hydrogen sensing. Addi-
tionally, we evaluated the working temperature, repeatability and selectivity of WG-Pd
ternary materials. Finally, we discussed the sensing mechanism of WG-Pd.

2. Materials and Methods

2.1. Materials

GO suspension (GO-1, Hangzhou Gaoxi Technology Co., Ltd, Hangzhou, China);
absolute ethanol (99.7%, Sinopharm, Shanghai, China); HCl (99.5%, Sinopharm, Shanghai,
China); Na2WO3 (Sigma-Aldrich, St. Louis, MO, USA); PdCl2 (Sigma-Aldrich, St. Louis,
MO, USA). All reagents were of analytical grade without further purification, and the
deionized water was used in all experiments.

2.2. Fabrication of WO3/Graphene/Pd Ternary Materials

A certain amount of GO was dispersed in 190 mL deionized water followed by
ultrasonication. Next, 1.06 g of Na2WO3 was added into GO dispersion, and 50 mL of HCl
(2 M) was added drop-by-drop into the mixture under vigorous stirring for 30 min. The
suspension was poured into autoclaves and subjected to microwave heating at 180 ◦C for
1 h using a Multiwave PRO oven (Anton Paar, Graz, Austrian). The precipitate was then
collected and washed by centrifugation in deionized water and absolute ethanol, followed
by freeze-drying under vacuum at room temperature. The WO3/graphene nanomaterials
were synthesized with different GO/WO3 mass ratios of 0.5, 1, 2 and 3:50, and denoted
as W0.5G, WG, W2G and W3G, respectively. Pure WO3 was also prepared in the same
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way without GO for comparison. A quantity of 50 mg of WG and a specific amount of
PdCl2 were dispersed in 5 mL of absolute ethanol using ultrasonication for a duration of
30 min. The resulting mixture was then dried in an oven at a temperature of 80 ◦C for a
period of 12 h, followed by thermal annealing in a nitrogen atmosphere at a temperature of
300 ◦C for 2 h. The samples obtained from this process, with PdCl2 masses of 1, 5 and
10 mg, respectively, were designated as WG-1Pd, WG-5Pd and WG-10Pd.

2.3. Characterization

Scanning electron microscopy (SEM, JEOL JSM-7610F, Tokyo, Japan) and transmis-
sion electron microscopy (TEM, FEI Talos, Columbia, SC, USA) were used to observe
the morphologies of ternary nanomaterials. The phases of samples were analyzed by
X-ray diffraction (XRD, Bruker D8 Advance, Billerica, MA, USA). The chemical composi-
tions of ternary nanomaterials were measured using Thermo Fisher (Waltham, MA, USA)
ESCALAB 250 XI X-ray photoelectron spectroscopy (XPS).

2.4. Fabrication and Test of Gas Sensors

The WG and WG-Pd powders were blended with terpineol in a 1:2 mass ratio, while
finely grinding them in a mortar. The resultant paste was uniformly coated on an Al2O3
tube with a pair of Pt wires. To heat the gas sensor, a Ni-Cr heating wire was inserted into
the tube. The sensors were pre-treated at 100 ◦C for 5 days to enhance their stability before
the tests. The gas-sensing measurements were carried out using a CGS-8 Gas Sensing
Measurement System (Beijing Elite Tech Company Limited, Beijing, China) with a 500 mL
test chamber. The sensors’ resistance was stabilized at the desired temperature before a
known volume of gas was injected into the chamber. The tests were performed under
ambient conditions of 25 ± 5 ◦C and 40 ± 5% relative humidity.

The gas response was calculated as (Rair − Rgas)/Rair, where Rair and Rgas are the
sensor resistance in air and target gas, separately. The response time and recovery time are
the time intervals required for the sensor response to reach 90% of its total change upon
exposure to the target gas or air, respectively.

3. Results

3.1. Morphology and Structure

In order to characterize the surface morphology and distribution of WO3, WG and
WG-Pd, SEM and EDS were utilized. As shown in Figure 1a, WO3 obtained by the
microwave-assisted hydrothermal method showed a nanoribbon-like structure with a
length of about 200 nm and a thickness of about 30 nm. The two-dimensional structure
had a high surface-to-volume ratio and abundant surface functional groups, which offer
a large number of adsorption sites for the target gas and oxygen molecules. This leads to
effective physisorption and chemisorption of gas molecules at low temperature. Hence,
two-dimensional materials have some advantages in providing fast and complete diffusion
of H2 gas throughout the structure and are widely used as gas-sensing materials [22–24].
Following the incorporation of GO, WG was interconnected by delicate folded RGO layers
amid multiple WO3 nanoribbons. The folded configuration of RGO primarily resulted
from lamellar distortion induced by partial reduction of GO during the microwave-assisted
hydrothermal process (Figure 1b–e) [25,26]. In the case of W0.5G with a lower graphene
content, only a limited number of WO3 nanoribbons were linked by graphene (Figure S1a).
Conversely, with a higher graphene content in W2G, a significantly larger proportion
of WO3 nanoribbons were connected by graphene, albeit some were enveloped by it
(Figure S1b). As the graphene content increased, porous structures gradually formed
within the composite due to graphene stacking, enveloping the WO3 nanoribbons and
leaving only a few exposed (Figure S1c). Subsequent to Pd loading onto the surface of WG,
a substantial amount of Pd was uniformly distributed, as evidenced by the EDS image
(Figure 1f–h).
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Figure 1. (a–e) SEM images of WO3, WG and WG-Pd, (f–h) corresponding EDS elemental mapping
and EDS spectra of WG-10Pd.

The hierarchical structures of WG and WG-Pd were characterized by TEM. As shown
in Figure 2a–c, in addition to large nanoribbons, there were a few nanosheets of WO3
around 10–20 nm of WG, which should be grown on the surface of graphene. There
were a few nanosheets of WO3 of around 10–20 nm on the surface of WG, indicating
that they were grown on the graphene surface. After loading Pd onto WG, spherical Pd
nanoparticles appeared on the surface of graphene (Figure 2d–f). With a Pd content of 1%,
Pd nanoparticles were sporadically distributed on graphene nanosheets with a size of 3 nm.
When increasing the Pd content, the number and size of Pd nanoparticles also increased.
When the Pd content increased to 10%, Pd nanoparticles were more densely distributed
and had a larger size of 10 nm. Moreover, even for the WG-Pd with the highest content
of Pd, no significant aggregation of Pd nanoparticles was observed. This phenomenon
stemmed from the mutual interaction between the abundant oxygen-containing functional
groups on the surface of graphene oxide and Pd ions, which led to their adsorption and
uniform growth on the surface of graphene nanoflakes and prevented the aggregation
of Pd nanoparticles. This phenomenon can be attributed to the interaction between the
abundant oxygen-containing functional groups on the surface of graphene oxide and Pd
ions. This interaction leads to the adsorption and uniform growth of Pd nanoparticles on
the surface of graphene nanoflakes, preventing their aggregation.

Figure 3 shows XRD patterns of WO3 and WG-Pd. WO3 exhibited distinct diffrac-
tion peaks of orthorhombic phase of WO3·0.33H2O (JCPDS 72-199) [27,28], indicating the
presence of crystal H2O before thermal annealing. For the WO3/graphene composite
nanomaterials, the characteristic peaks at 22.7◦, 28.1◦, 36.5◦, 49.9◦ and 55.3◦ were slightly
different from those of pure-phase WO3. This was attributed to the interaction between the
functional groups (hydroxyl, carbonyl and carboxyl groups) on the graphene surface and
Na2WO3, which influenced the WO3 growth. Moreover, slight deviation from stoichiome-
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try (WO3−x) could also affect the peak position. They also exhibited a broad characteristic
peak around 20◦, which was caused by the imperfect restacking due to the curvature of
graphene sheets [29] (Figure S2). After loading with Pd and thermal annealing, WG-1Pd,
WG-5Pd and WG-10Pd had different XRD patterns with WG. As shown in Figure 3b–d,
there were diffraction features matching hexagonal phase of WO3 due to the dehydration
after annealed [30]. Furthermore, characteristic peaks of Pd (JCPDS 46-1043) and PdO
(JCPDS 43-1024) appeared in WG-Pd, applying the presence of Pd and PdO attributed to
the particle oxidization of Pd nanoparticles in air [31].

Figure 2. TEM images of (a–c) WG and (d–f) WG-Pd.

Figure 3. XRD patterns of (a) WO3 and (b–d) WG-Pd.
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In order to accurately analyze the content and valence state of elements in WG-10Pd,
XPS analysis was utilized (Figure 4). As shown in Figure 4a, the material was mainly
composed of W, C, O and Pd. Figure 4b demonstrates the deconvoluted Pd (3d) XPS spectra
of WG-10Pd. It can be found that Pd element was mainly metallic Pd0 located at 335.3
and 340.55 eV. Additionally, there were other peaks of oxidized Pd2+ located at 336.6 and
341.85 eV and Pd4+ located at 338.2 and 343.45 eV [32]. This also corresponds to the XRD
spectra. A small amount of oxidized Pd came from the partial oxidation of surface atoms
of Pd nanoparticles by air due to their high activity.

Figure 4. (a) XPS survey of WG-10Pd; (b) high-resolution XPS spectra of Pd 3d of WG-10Pd.

3.2. Hydrogen Gas Sensing

The effects of graphene content and working temperature on the hydrogen response
performance of WO3/graphene nanomaterials are shown in Figure 5. As can be seen from
Figure 5a, at 50 ◦C, WO3, W0.5G and W3G had no response to hydrogen. Among them,
WO3 and W0.5G had large resistances (7130 MΩ and 2500 MΩ, respectively) that exceeded
the instrument resistance range (500 MΩ) and could not be measured. This was because
WO3, as a metal oxide semiconductor, had a large resistance at low temperatures, and even
with a small amount of graphene added, it still could not meet the measurement require-
ments. WG had the best response performance, but due to the low working temperature,
it only responded to hydrogen concentrations above 0.4%. Although W2G and W3G had
higher graphene contents than WG, their response performance was reduced. This was
attributed to the excess graphene that could cover or even wrap around WO3 and provide
an additional path for current flow, resulting in a significant increase of the conductivity
of the sample, which made resistance variation in reducing environment less noticeable.
As the working temperature increased to 100 ◦C and 150 ◦C, the response performance of
WG, W2G and W3G were all improved. The response of WG, W2G and W3G to 1% H2 at
100 ◦C was 30.8, 28.9 and 2.5%, respectively. After heating at 150 ◦C, the corresponding
responses increased to 90.5, 56.3 and 7.9%, respectively. This result indicated that WG
had the highest response performance. At the same time, as the working temperature
increased from 50 ◦C to 150 ◦C, WG’s response time to 1% hydrogen was shortened from
223 s to 67 s (Figure 5d,e). Meanwhile, WG showed p-n switching phenomenon at different
temperatures, which was mainly caused by the combination of different semiconductor ma-
terials and the change of charge transfer path at different working temperatures. Graphene
(p-type semiconductor) and WO3 (n-type semiconductor) formed a composite, in which
the carriers of both graphene and WO3 participated in the conduction path, showing a
mixed p-n characteristic. At low temperature, WO3 transferred electrons to GO, showing
p-type behavior. At high temperature, WO3 received electrons from GO, showing n-type
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behavior. However, WG still had no response to hydrogen at room temperature and needed
to be composited with Pd to further improve its response performance. Therefore, we used
WG as the base material and composite different contents of Pd nanoparticles to study the
effects of Pd content and working temperature on the hydrogen response performance.

Figure 5. The response of WO3/graphene nanomaterials at 50 (a), 100 (b) and 150 ◦C (c); The
resistance of WG for 1% H2 at 50 (d), 100 (e) and 150 ◦C (f).

The effect of Pd content and working temperature was studied by testing these gas
sensors at different temperature ranging from 25 to 100 ◦C as shown in Figure 6. For WG-
1Pd and WG-5Pd, there was no evident response to 500 ppm of H2 at 25 ◦C, applying low
content of Pd was not sufficient for H2 sensing at room temperature. However, WG-10Pd
with larger content of Pd showed response to 500 ppm of H2 at 25 ◦C with value of 2.3%.
WG-1Pd, WG-5Pd and WG-10Pd were more sensitive to H2 at higher working temperature.
The response to 500 ppm H2 of WG-1Pd, WG-5Pd and WG-10Pd increased to 86.1%, 92.6%
and 94.6% at a working temperature of 100 ◦C, respectively. This phenomenon stemmed
from the lower gas activation energy of adsorption/desorption at higher temperature.
Meanwhile, WG-10Pd still showed a higher response to H2 than the others. Compared
with the WO3/graphene binary materials without Pd, the hydrogen-sensing performance
of the WO3/graphene/Pd ternary composite improved significantly. WG exhibited no
noticeable response to 500 ppm hydrogen, while the response value increased to 86.1%
with the addition of 1% Pd nanoparticles, indicating that Pd had a remarkable effect on
enhancing the hydrogen response.

The dynamic response of WG-10Pd was studied at various H2 concentrations (ranging
from 0.05–4%) and at temperatures of 25, 50, 75 and 100 ◦C. As shown in Figure 7a, WG-
10Pd showed excellent response to hydrogen in the range of 0.05–4% at room temperature.
The response value increased gradually with the increase of the concentration of H2. At 4%
of H2, the response value reached 96.1%. On the contrary, the response time was gradually
shortened. The response time was reduced to within 40 s at 4% of H2. After heating to
50, 75 and 100 ◦C, the response value was further improved and the response time was
shorter. At 100 ◦C, the response value of 0.05% H2 could reach 94.6%, and the response
time was shortened to 6 s. However, the response curves reached a plateau at relatively low
concentrations, proving its insensitivity to high concentration of H2. Therefore, WG-10Pd
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was more suitable for the measurement of low-concentration hydrogen below 0.05% after
heating. The saturation phenomenon was ascribed to the increased catalytic effect of Pd at
high temperature, which generated abundant chemisorbed water and occupied the active
sites for oxygen adsorption.

Figure 6. The response of WG-Pd for 500 ppm H2 at different temperatures ranging from 25 to 100 ◦C.

Figure 7. (a) The response value and (b) response time of WG-10Pd to 0.05–4% H2 at different
temperature ranging from 25 to 100 ◦C; (c) the response of WG-10Pd to 1% H2, CH4, CO and NH3;
(d) the response of WG-10Pd to 1% H2 for 30 days; (e) the response and (f) the resistance in air of
WG-10Pd under different RH.

WG-10Pd hydrogen-sensing material had excellent selectivity and stability. As demon-
strated in Figure 7c, the response value of WG-10Pd to 1% H2 at room temperature was
significantly higher than that of CH4, CO and NH3 with the same concentration, showing
high selectivity of H2, due to the catalytic properties of Pd to hydrogen dissociation. After
30 days of uninterrupted testing, the change of response value was still maintained within
5%, implying the high stability of WG-10Pd.

The effect of relative humidity (RH) on the sensing performance of WG-10Pd at
room temperature was also investigated. Figure 7e,f shows that the response of WG-10Pd
decreased with increasing RH. This phenomenon was caused by the water vapor occupying
the adsorption sites and hindering the oxygen adsorption. The response values of WG-10Pd
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to 1% H2 were 77.8%, 73.1%, 69.4%, 65.9% and 60.6% under 24%, 43%, 55%, 71% and 89%
RH, respectively. The response variation (calculated as 1 − Response (89RH%)/Response
(24RH%)) was 22%, indicating that RH had a significant influence on the hydrogen sensing.
Meanwhile, the resistance in air decreased from 42.5 to 35.4 MΩ as RH changed from 24%
to 89%. Therefore, the resistance variation was about 16.7%.

Similarly, the response of WG-1Pd and WG-5Pd at 50–100 ◦C were studied (Figure 8).
The variation trend of response value and response time was basically the same as that of
WG-10Pd, but the response value was slightly reduced and the response time was extended.
The responses to 0.05% H2 at 100 ◦C of WG-1Pd and WG-5Pd were 86.1% and 92.6%,
respectively, while the response times were 25 s and 9 s, respectively.

Figure 8. (a) The response value and (b) response time of WG-1Pd to 0.05–4% H2 at different
temperature ranging from 25 to 100 ◦C; (c) the response value and (d) response time of WG-5Pd to
0.05–4% H2 at different temperatures ranging from 25 to 100 ◦C.

4. Discussion

The WG-Pd ternary materials had a good response to H2 from room temperature to
100 ◦C due to their chemical composition and morphological structure (Figure 9). Accord-
ing to the surface depletion layer model, when the material contacts oxygen in the air, it
forms oxygen negative ions (O2− , O−, O2−, etc.) on the surface by adsorbing electrons [33].
This increases electrical resistance. At different temperatures, oxygen anions have different
valence states. Below 100 ◦C, it is mainly O2

− ions. Between 100–300 ◦C, O− dominates.
Above 300 ◦C, oxygen anions are mostly O2− [34,35]. Thus, the adsorbed oxygen ions
on the surface of WG-Pd material are mainly O2

−, as the operating temperature is below
100 ◦C. When it contacts hydrogen, O2

− reacts with hydrogen to form water vapor and
releases electrons to the material, causing a drop in resistance [36]. The resistance de-
crease is proportional to the hydrogen concentration, allowing measurement of hydrogen
concentration through resistance change. The reaction process is as follows:

2H2 + O2
− → 2H2O + e− (1)
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Figure 9. The schematic illustration of WG-Pd during exposure to H2.

In the WG-Pd ternary composites, the three components showed different functions.
As the material with the highest content, WO3 played the main role in gas sensing. The
abundant oxygen defects on its surface provided active sites for oxygen adsorption [37].
Pd nanoparticles could dissociate H2 molecules into highly active hydrogen atoms, thus
accelerating the reaction of O2− with H2. H2 could also be directly dissolved into metal Pd
to form Pd-H complex, thus significantly reducing the Schottky barrier on WO3-Pd inter-
face, enabling more electrons to enter the conduction band of the material and improving
the electrical conductivity of the material [6]. However, electron transfer between different
WO3/Pd nanosheets was still hindered by the Schottky barrier between interfaces, while
graphene sheets could significantly reduce that, providing multiple paths for electron trans-
fer, thus further reducing the resistance [38]. Graphene itself had a high specific surface
area and oxygen-containing functional groups, which improved response performance [39].
Moreover, the hydrogen-sensing performance could also be enhanced by the heterogeneous
structure formed at the interface between graphene and WO3. WO3 is an n-type semicon-
ductor material with more electrons than holes as the main carriers. Graphene sheets are
p-type semiconductor materials with more holes than electrons as the main carriers, due to
the intrinsic properties of graphene. Thus, there are many heterojunctions (p-n junctions)
at the interface between p-type graphene and n-type WO3. Because of the different work
functions of graphene and WO3, the holes transfer from graphene to WO3 and the electrons
transfer from WO3 to graphene at the p-n junction. After the carrier exchange, the holes
and electrons with opposite charges recombine. This leads to the decrease of concentration
of effective carriers and formation of electron depletion layer and hole depletion layer
at the interface of WO3 and graphene, respectively. The depletion layer can increase the
resistance of WG-Pd ternary composites in air and facilitate the adsorption or resistance
modulation of H2 gas molecules, which can improve the hydrogen-sensing properties at
room temperature. Through the synergistic effect among the three components of WG-Pd,
a sensitive response to hydrogen is achieved at temperatures lower than 100 ◦C.

5. Conclusions

In this paper, we fabricated WO3/graphene binary materials and WG-Pd ternary
materials with different contents of graphene and Pd using the microwave-assisted hy-
drothermal method. The sensing results showed that WG with 1% graphene exhibited the
best hydrogen performance at 100 and 150 ◦C compared to other WO3/graphene binary
materials with different contents of graphene. However, WG still exhibited no noticeable
response to hydrogen below 100 ◦C. For WG-Pd ternary materials, WG-10Pd showed the
highest response to H2 at room temperature. Moreover, it showed a wide range of hydrogen
concentrations (0.05–4 vol.%), a short response time (40 s) and a good selectivity. Its sensing
properties were further enhanced after heating to 50, 75 and 100 ◦C. The excellent sensing
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properties resulted from the synergistic effect among the three components of WG-Pd. In
summary, WG-Pd ternary materials are promising sensing materials for detection of H2
leakage at temperatures lower than 100 ◦C, even at room temperature.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors11070410/s1, Figure S1: SEM images of (a) W0.5G, (b) W2G
and (c) W3G; Figure S2: XRD patterns of (a) W0.5G, (b) WG, (c) W2G and (d) W3G.
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Abstract: The flavor of foods and beverages is generally composed of a mixture of volatile com-
pounds, however not all the molecules that form an aroma are sensorially relevant. The odor-active
compounds present in a mixture are different for each subject, both in quantitative and qualitative
terms. This means that the ability of the human nose to act as a chemical sensor varies among
individuals. In this study, we used the headspace of roasted coffee beans as a complex olfactory
stimulus and, by means of the coupled Gas Chromatography-Olfactometry (GC-O) technique, the
single components of coffee flavor were separated. Each subject, previously classified for his/her
olfactory status (normosmic, hyposmic or anosmic) by means of the Sniffin’ Sticks battery (composed
of Threshold, Discrimination and Identification subtests), had to identify and evaluate each smelled
molecule. The results show that the individual ability to detect individual compounds during the
GC-O experiments and the odor intensity reported during the sniffing of pen #10 (the pen of the
identification test) containing coffee aroma were related to TDI olfactory status (based on the score
obtained from the sum composed of Threshold, Discrimination and Identification scores). We also
found that the number of total molecules and of molecules smelling of coffee is linearly related to
the TDI olfactory score. Finally, the odor intensity reported when sniffing pen #10 containing coffee
aroma is positively correlated with the number of molecules detected and the average intensity
reported. In conclusion, our findings show that the human perception of both individual compounds
and complex odors is strongly conditioned by the olfactory function of subjects.

Keywords: inter-individual physiological variations; olfactory function; VARU intensity; Sniffin’
Sticks test; olfaction

1. Introduction

All living organisms are able to sense the chemicals present in the environment where
they live to obtain useful information on the availability of energy-rich food sources,
potential mating partners and on the presence of predators [1–8]. All odorous molecules,
whether natural or synthetic and whether perceived as pleasant or unpleasant, are highly
volatile and can activate the olfactory receptors present in the human nose or in the olfactory
organs of all animals [8–14]. In particular, in humans the perception of odors has been
observed to affect the quality of life, exerting a relevant influence on eating habits of
individuals and consequently on their body weight, on the ability to perceive molecules
that signal the presence of dangers (e.g., toxic and/or harmful gases, smoke and spoiled
food) and in interpersonal relationships [15–20].

Most odors found in nature, such as those of food and drink, are rarely formed by
individual compounds; more commonly they are complex mixtures, composed of multiple
molecules, only some of which are sensorially relevant [21–23]. An important challenge
is therefore represented by the understanding of which molecules within a mixture are
perceived, and thus constitute the odor-active compounds, and which remain irrelevant
from a sensory point of view. This problem can be solved using the gas chromatography-
olfactometry (GC-O) technique which simultaneously uses the chromatographic column to
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separate the individual compounds within a mixture and the human nose as a chemical
sensor capable of perceiving and evaluating the volatiles coming out of the olfactometric
port [24–28]. In addition to understanding olfaction at a physiological level, many attempts
have been recently made to detect odorants and volatile organic compounds by means of
artificial olfactory sensor technology, which was widely introduced in many fields, such as
environmental monitoring, detection of food conditions and clinical diagnostics [29–31].
Semiconductor metal oxides such as SnO2 and TiO2, for instance, are largely employed
as gas sensors for a number of favorable functional properties like good stability and
sensitivity combined with low cost [32,33].

An important aspect that should not be underestimated is that the ability to perceive
individual compounds is directly correlated with the olfactory function of individuals
who, as known, present a great variability [34–36]. In fact, as a result of physiological,
genetic, behavioral and environmental factors, humans can be classified as normosmic
(normal olfactory function), hyposmic (reduced olfactory function) or functionally anosmic
(olfactory blindness, which can be general or specific) [16,37–50]. It is known that the
human olfactory system has a high potential in terms of discrimination and sensitivity
even if, at present, the number of stimuli that humans are able to perceive has not yet
been quantified [51]. Furthermore, the information available on the potential of the human
nose as a chemical sensor in relation to the olfactory function of individuals is still lacking,
in terms of odor-active compounds, in the intensity at which they are perceived and in
our ability to identify and/or associate them with the aroma of the mixture to which they
belong [26,36,52].

Based on these considerations, this study had three different but interconnected objec-
tives, with the aim of better understanding the relationship between the olfactory function
of individuals, in terms of normosmia or hyposmia, and the ability of the human nose to
act as a chemical sensor of individual molecules belonging to a complex mixture, both
in quantitative (number of molecules perceived) and qualitative (intensity of perception)
terms. The first objective regards the effect of the olfactory function of individuals on their
ability to smell the individual compounds of the complex aroma of coffee as they are eluted
from the chromatographic column and the correlation between the number of odor-active
compounds and the TDI olfactory score obtained by each subject. With the second objective
we evaluated whether the intensity reported by subjects for the odor of coffee contained
in the pen #10 of the identification test (one of the subtests of the Sniffin’ Sticks battery)
was correlated with the number of odor-active compounds and with the average intensity
with which they were perceived. Finally, we investigated the effect of olfactory status
(normosmic vs. hyposmic) on perceived intensity for pen #10 and its correlation with the
TDI olfactory score obtained by each participant.

2. Materials and Methods

2.1. Subjects

Thirty-eight Caucasian healthy non-smoking volunteers (24 females, 14 males, 28.8 ± 1.61 y),
recruited in Cagliari (Sardinia, Italy), took part in this study. To estimate the ability to detect
the odor-active compounds, during the GC-O analysis we used the detection frequency
method, which does not require the presence of qualified evaluators and the results it
produces represent the inter-individual variability [24,28,53–55].

All participants fasted for at least 90 min prior to testing and were free of perfume.
Before starting the olfactory tests, the experimental protocol approved by the local Ethical
Committee was read to them and they were asked to sign an informed consent (Prot.
PG/2018/22 of 2 January 2018).

2.2. Olfactory Sensitivity Screening

The olfactory function of each individual was evaluated by means of the TDI
olfactory score given by the sum of the scores obtained with the tests of Threshold
(T-test), Discrimination (D-test) and Identification (I-test), which represent the sub-
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tests of the Sniffin’ Sticks test (Burghart Instruments, Wedel, Germany), based on
odor-containing felt-tip pens [56]. According to the reference values reported by
Hummel et al. [57], based on the total TDI olfactory score obtained, and on sex and
age, each participant was classified as normosmic, hyposmic or functionally anos-
mic. For each olfactory test the score is between 0 and 16. For the T-test, the score is
given by the average of the last 4 reversals out of 7, while for the D-test and I-test the
score is given by the number of correct discriminations and identifications (for details
visit: https://www.uniklinikum-dresden.de/de/das-klinikum/kliniken-polikliniken-
institute/hno/forschung/interdisziplinaeres-zentrum-fuer-riechen-und-schmecken/
neuigkeiten/downloads).

For the coffee-odor of pen #10 presented during the I-test, the subjects must also give
a personal evaluation of the perceived intensity, marking a sign on the “Visual Analogue
Rating Units” (VARUs) scale, ranging from 0 to 20 VARUs [58].

2.3. Dynamic Headspace Sampling

The dynamic headspace method, as described by Rizzolo et al. [59] and Nuzzi et al. [27],
was used to collect the volatile compounds. In terms of volatiles, the dynamic headspace
method is considered the most appropriate for obtaining an extract whose composition is
closely linked to the quality of the scent as assessed by the consumer [60]. In addition, it
has the ability to acquire extracts for GC-MS and sensory assessment via GC-O analysis by
a human assessor [27].

In detail, approximately 100 g of roasted coffee beans were placed in a 0.5 L airtight
glass vessel, with a flow-through system fitted to a Porapak Q (150/75 mg, 50/80; Supelco;
St. Louis, MO, USA) in a glass adsorption tube (5 mm Ø) inserted into the collection port
at the top of the vessel. By flushing the system with purified air for three hours at a rate
of 30 L/h (500 mL/min), volatiles were recovered at room temperature. Using 1.5 mL of
1-hexane, trapped volatiles were released from the Porapak Q tube, resulting in a solution
containing the isolated volatile chemicals. Samples were then stored at −20 ◦C until used.
By performing three GC runs 24 h after sample preparation and before they were used
for GC-O experiments, the effectiveness of the extraction and the reproducibility of the
chromatogram were confirmed. Besides, to verify that the sample was not altered, before
each section of the GC-O experiment, a GC-run without any sniffing session was made.
The fact that the volatile chemical profile observed in this study is remarkably comparable
to the headspace volatile profiles published in the literature data provides evidence of its
validity [61–69].

2.4. Mass Spectrometry/Gas Chromatography–Olfactometry (MS/GC-O) Analysis

An Agilent 6890N gas chromatograph (GC; Agilent technologies; Santa Clara, CA,
USA) was simultaneously connected with an Agilent model 5973 series mass spectrometer
(MS) and with an olfactometry detection system (Gerstel ODP3; Mülheim an der Ruhr,
Germany) to perform the analyses. A constant flow of 1.2 mL/min of He was used as
carrier gas. The flow was split 1:1 between the olfactometry and the MS detector at the
outlet of the chromatographic column and the injection volume was 1 μL [36].

The chromatographic column was a 30 m HP-INNOWax, 0.25 mm internal diameter ×
0.50 μm film thickness (Agilent 19091N-233; Agilent technologies, Santa Clara, CA, USA).
The temperature of the injector and the MS interface temperature were set at 250 ◦C and
260 ◦C respectively. The oven temperature was maintained at 40 ◦C (0.2 min), 40 ◦C/min
to 90 ◦C (0.50 min), 2 ◦C/min to 150 ◦C, 30 ◦C/min to 230 ◦C (12 min). The injector mode
was splitless; the temperatures for the ion source and the quadrupole mass filter were
230 ◦C and 150 ◦C, respectively. Chromatograms were recorded by monitoring the total ion
current in a 40–550 mass range. The transfer line to the GC-ODP3 sniffing port was held at
220 ◦C [36].

To identify the volatiles, we used the mass spectrum found in the MS Standard
Library NIST2014 (US National Institute of Standards and Technology; Gaithersburg,
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MD, USA). In accordance with Gonzales-Kristeller et al. [70], the Good Scents Company
Information System (www.thegoodscentscompany.com; 20 January 2023) was used to
obtain information regarding odorant natural occurrence, “odor type” (i.e., roasted, floral,
woody, etc.) and “odor descriptors” (i.e., coffee, fruit, cheese, wood, etc.).

The “Sniffin’ Sticks” test, as previously described, was used to characterize the ol-
factory function of each panelist, prior to testing. Participants were asked to assess the
volatile strength and duration during elution for the GC-O analyses [27,71] by using a
PC-connected audio recorder and digital signaling system (GERSTEL ODP recorder 3 for
Windows 7). The signaling system is characterized by the presence of 4 keys that represent
a 4-point intensity scale: 1 = weak odor, 2 = distinct odor, 3 = intense odor, 4 = very intense
odor. The participant pressed one of the signaling system keys whenever he/she detected
an odor to express his/her subjective assessments of the aroma intensity (based on which
button was pressed), the stimulus duration, the degree of pleasantness or unpleasantness
and the description of the odor-active compound. The chromatograms were overlaid
with the obtained olfactograms after the PC automatically recorded the retention time and
sniffing time of each odor-active compound. The samples were presented completely blind
to avoid psychological conditioning.

2.5. Statistical Analysis

The Pearson correlation test was used to evaluate the relationship between: (a) the
total number of odor-active compounds (hereafter, total-compounds) or the number of
odor-active compounds smelling of coffee (hereafter, coffee-compounds) smelled by each
subject and his/her TDI olfactory score; (b) the intensity perceived by each subject for the
pen of the identification test containing the coffee aroma (hereafter, the coffee-odor pen)
and his/her TDI olfactory score, (c) the number of total- and coffee-molecules smelled and
the intensity perceived for the coffee-odor pen by each subject, (d) the reported average
intensity for total- and coffee-molecules and the perceived intensity for the coffee-odor pen
by each subject. The correlation coefficient “r” was considered to measure the strength
of the linear relationship or straight-line between two variables: r < 0.3 means lower
correlation, 0.3 < r < 0.7 means medium correlation, r > 0.7 means higher correlation [72,73].
Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, San
Diego, CA, USA). A statistically significant correlation was defined with a p-value < 0.05.

One-way ANOVA was used to analyze the effect of the TDI olfactory status of the
subject on: (a) his/her ability to smell individual compounds during the GC-O analysis
and (b) the intensity referred for the coffee-odor pen. Post-hoc comparisons, following
one-way ANOVA, were conducted with the Fisher’s test of least significant difference
(LSD). Statistical analyses were performed using STATISTICA for WINDOWS (version 7.0;
StatSoft Inc., Tulsa, OK, USA). p values < 0.05 were considered significant.

3. Results

3.1. Volatile Compounds of Coffee Aroma

The 50 volatile compounds obtained from the extract of the roasted coffee beans by
means of the dynamic headspace method are listed in Table 1. Using the information from
“The Good Scent Company System” on the organoleptic properties, we classified each
volatile for its odor type and odor descriptors. On the basis of the odor type information,
we found nine nutty compounds, five fruity, two buttery, two bready, two fishy and one
for each of the following odor type: coffee, chocolate, sweet, potato, creamy, caramellic,
cheesy, roasted, winey, citrus, green, vegetable, waxy, musty, balsamic, aromatic, phenolic,
acidic and terpenic. Based on odor descriptors, 21 compounds were identified as smelling
of coffee, eight of which are of the nutty odor type, three are of the fruity odor type, two are
of the bready odor type, one is of the phenolic, fishy, coffee, balsamic buttery, caramellic,
roasted or vegetable odor type. In the Good Scent Company System, we did not find any
information regarding odor type for 11 compounds (no. 1, 2, 7, 18, 33, 35, 36, 38, 44 and 47
in Table 1) and for 7 regarding odor descriptor (no. 1, 6, 33, 35, 36, 44 and 47 in Table 1).
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Table 1. Volatile compounds found in the headspace of roasted coffee beans.

N. Compound RT a Odor Type b Odor Descriptors b

1 Octane, 3,5-dimethyl- 8.10 - -

2 Oxalic acid, isobutyl nonyl ester 8.33 - Bland, mild, caramellic

3 Toluene 8.54 Phenolic Solventy, woody, roasted, coffee

4 β-Pinene 10.20 Terpenic Sweet, fresh, pine, woody, hay, green

5 Ethylbenzene 10.69 - Petroleum-like odor

6 p-Xylene 10.90 Aromatic -

7 Oxalic acid, isobutyl pentyl ester 11.85 - Bland, mild, caramellic

8 Pyridine * 12.55 Fishy Sour, sickening, putrid, coffee

9 D-Limonene * 12.81 Citrus Citrus, orange, fresh, sweet

10 Furan,2-pentyl- * 13.30 Fruity Fruity, green, earthy, beany, vegetable,
metallic

11 Pyrazine, methyl- * 15.65 Nutty Coffee, cocoa, roasted, chocolate, peanut,
green, nutty brown, musty, earthy

12 Acetoin 16.50 Buttery Sweet, creamy, green, butter, dairy, milk, fatty,
buttery, creamy, sour, fatty, vanilla

13 2-Propanone, 1-hydroxy- 17.28 Sweet Pungent, sweet, caramellic, ethereal

14 Pyrazine, 2,5-dimethyl- * 18.11 Chocolate Cocoa, roasted nutty, beefy roasted, beefy,
woody, grassy, medicinal

15 Pyrazine, ethyl- * 18.67 Nutty Peanut, butter, musty, woody, roasted, cocoa,
coffee

16 Pyrazine, 2,3-dimethyl- * 19.30 Nutty Musty, nut skin, cocoa, powdery, caramellic,
roasted, potato, coffee, peanut, butter,

17 DL-2,3-Butanediol * 19.81 Creamy Fruity, creamy, buttery

18 Vinyl butyrate 20.02 - Organic solvent

19 Hex-4-yn-3-one, 2,2-dimethyl- 20.67 Winey Chemical, winey, fruity, fatty, terpenic,
cauliflower

20 Pyrazine, 2-ethyl-6-methyl- * 21.08 Potato Roasted, potato

21 Pyrazine, 2-ethyl-3-methyl- * 22.09 Nutty Nutty, peanut, musty, corn, raw, coffee,
bready

22 Pyrazine, 2-(n-propyl)- * 22.89 Green Green, vegetable, nutty

23 Pyrazine, 2,6-diethyl- * 23.59 Nutty Nutty, potato, cocoa, roasted, coffee

24 Pyrazine, 3-ethyl-2,5-dimethyl- * 24.08 Nutty Potato, cocoa, roasted, nutty, coffee

25 2-Propanone, 1-(acetyloxy)- 24.70 Fruity Fruity, buttery dairy, nutty

26 Pyrazine, 2-ethyl-3,5-dimethyl- * 25.01 Nutty Peanut, caramellic, coffee, cocoa

27 Furfural * 25.27 Bready Sweet, brown, woody, caramellic, bread
baked, coffee, almond

28 Pyrazine, tetramethyl- 25.71 Nutty Nutty, musty, chocolate, coffee, cocoa, brown,
lard, burnt, dry, vanilla

29 Pyrazine, 3,5-diethyl-2-methyl- * 26.66 Nutty Nutty, meaty, vegetable

30 Pyrazine, 2-ethenyl-5-methyl- 27.10 Coffee Coffee

31 Furan, 2-acetyl- * 27.67 Balsamic
Sweet, balsamic, almond, cocoa, coffee,
caramellic, nutty,
brown, toasted, milky, lactonic
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Table 1. Cont.

N. Compound RT a Odor Type b Odor Descriptors b

32 2,3-Pentanedione * 28.21 Buttery Pungent, sweet, buttery, creamy, nutty,
caramellic, cheesy, coffee

33 2-Butanone, 1-(acetyloxy)- 28.52 - -

34 2-Furanmethanol, acetate * 28.81 Fruity Coffee, sweet, fruity, banana, horseradish,
roasted, cocoa

35 Pyrazine, 2-methyl-6-(2-propenyl)- 29.37 - -

36 2-Cyclopenten-1-one,
2,3-dimethyl- 30.12 - -

37 Acetic acid, diethyl- * 30.56 Acidic Acidic, fruity, whiskey, dry berry, dairy,
tropical

38 Pentanoic acid, 4-oxo-, methyl
ester 31.05 - Caramellic, flavouring agent

39 2-Furancarboxaldehyde, 5-methyl-
* 31.54 Caramellic Sweet, caramellic, bready, brown, coffee,

spicy, maple

40 2-Furanmethanol, propanoate * 32.16 Fruity Sweet, fruity, green, banana, oily, coffee, spicy

41 Furan, 2,2′-methylenebis- * 32.81 Fruity Rich, roasted, coffee

42 2-Furanmethanol * 34.17 Bready Sulfurous, estery, chemical, musty, sweet,
brown, caramellic, bready, coffee, alcoholic

43 Butanoic acid, 3-methyl- * 34.35 Cheesy Cheesy, dairy, acidic, sour, pungent, ripe, fatty,
fruity, stinky feet, sweaty, tropical

44 Furan,
2-(2-furanylmethyl)-5-methyl- * 34.68 - -

45 Pyrazine, 2-acetyl-6-methyl 35.33 Roasted Roasted, coffee, cocoa, popcorn

46 4(H)-Pyridine, N-acetyl- * 35.76 Fishy Sour, fishy, putrid, ammoniacal

47 Octaethylene glycol monododecyl
ether 36.21 - -

48 2-Hexadecanol 36.38 Waxy Waxy, clean, greasy, floral, oily

49 N-Furfurylpyrrole * 37.95 Vegetable Plastic, green, waxy, fruity, coffee, vegetable

50 2-Acetylpyrrole * 40.68 Musty
Musty, nut, skin, cherry, maraschino, cherry,
bready,
coumarinic, licorice, walnut

a RT = retention time in I-Wax column. b Odor type and odor descriptors from the Good Scent Company
Information System. (www.thegoodscentscompany.com). Asterisks indicate the molecules that have also been
found in other coffee extracts [56–64].

Table 2 shows that 47 compounds found in the extract were odor-active for at least two
of the participants; in fact, the “ethylbenzene” and “furan, 2-(2-furanylmethyl)-5-methyl”
(indicated with no. 5 and 44 in Table 1) was found to be active for just one individual; while,
the “2-Butanone, 1-(acetyloxy)-“ (indicated with no. 33 in Table 1) it was not perceived
by any of the participants. Furthermore, the panelists described 21 of the odor-active
compounds as smelling of coffee, even though the odor descriptors reported in Table 1
define only 17 of them as actually having a coffee odor.

18



Chemosensors 2023, 11, 248

Table 2. GC-O analysis: odor-active compounds and odor descriptions by subjects.

N. Odor-Active Compound Odor Description df

1 Octane, 3,5-dimethyl- Woody, unknown 2
2 Oxalic acid, isobutyl nonyl ester Burnt, unknown 2
3 Toluene Coffee, smoked, solvent, roasted 8
4 β-Pinene Sweet, floral, vanilla 8
5 Ethylbenzene Petrol 1
6 p-Xylene Vanilla, medicinal, floral 5
7 Oxalic acid, isobutyl pentyl ester Floral, fruity, vanilla 6
8 Pyridine * Coffee, smoked, roasted, cheese 3
9 D-Limonene * Sweet, sour, citrus 6

10 Furan,2-pentyl- * Smoked 2
11 Pyrazine, methyl- * Coffee, nutty, roasted, smoke 3
12 Acetoin Coffee, sweet, roasted, parfum 10
13 2-Propanone, 1-hydroxy- Sweet, pungent, fish, solvent, wet 10
14 Pyrazine, 2,5-dimethyl- * Coffee, citrus, medicinal, sweet, cocoa 7
15 Pyrazine, ethyl- * Coffee, nutty, egg 3
16 Pyrazine, 2,3-dimethyl- * Coffee, burnt, caramellic, fruity 5
17 DL-2,3-Butanediol * Sweet, caramellic, rose, wet 5
18 Vinyl butyrate Floral, parfum, bitter, solvent, pungent 7
19 Hex-4-yn-3-one, 2,2-dimethyl- Sweet, solvent 4
20 Pyrazine, 2-ethyl-6-methyl- * Coffee, sweet, smoked, medicinal, solvent, parfum, roasted 19
21 Pyrazine, 2-ethyl-3-methyl- * Coffee, cocoa, solvent, bitter, nutty, roasted 25
22 Pyrazine, 2-(n-propyl)- * Green, musty, woody, earthy, wet, herbs, floral 22
23 Pyrazine, 2,6-diethyl- * Coffee, roasted, earthy, musty, burnt, mushrooms 25
24 Pyrazine, 3-ethyl-2,5-dimethyl- * Coffee, nutty, roasted, floral, bitter 20
25 2-Propanone, 1-(acetyloxy)- Pungent, parfum 6
26 Pyrazine, 2-ethyl-3,5-dimethyl- * Coffee, musty, roasted, wet 21
27 Furfural * Coffee, sweet, solvent, floral, pungent 13
28 Pyrazine, tetramethyl- Coffee, roasted, burnt, vanilla 13
29 Pyrazine, 3,5-diethyl-2-methyl- * Floral, musty, wet, solvent, fresh 15
30 Pyrazine, 2-ethenyl-5-methyl- Coffee, nutty, bitter, plastic 14
31 Furan, 2-acetyl- * Parfum 2
32 2,3-Pentanedione * Floral, herbs, earthy, sweat, musk, cheese, pungent 24
34 2-Furanmethanol, acetate * Roasted, fruit, earthy, herb, woody, coffee 21
35 Pyrazine, 2-methyl-6-(2-propenyl)- Pungent, sour, bitter 6
36 2-Cyclopenten-1-one, 2,3-dimethyl- Sweet, floral, lavender 4
37 Acetic acid, diethyl- * Roasted, solvent, rotten, musty, herbs, wet earth 22
38 Pentanoic acid, 4-oxo-, methyl ester Sweet 4
39 2-Furancarboxaldehyde, 5-methyl- * Coffee, sweet, parfum 4
40 2-Furanmethanol, propanoate * Coffee, pungent, floral, musty, herb, sweet, burnt 14
41 Furan, 2,2′-methylenebis- * Coffee, nutty, popcorn, roasted, fish, sour 21
42 2-Furanmethanol * Coffee, smoke, popcorn, nutty, roasted 24
43 Butanoic acid, 3-methyl- * Cheese, smoke, stinky feet, acidic, fruity, putrid 16
44 Furan, 2-(2-furanylmethyl)-5-methyl- * Unknown 1
45 Pyrazine, 2-acetyl-6-methyl Putrid, musty, cheese 6
46 4(H)-Pyridine, N-acetyl- * Shoes, wet, sweat 7
47 Octaethylene glycol monododecyl ether Sweat, acidic 4
48 2-Hexadecanol Cheese, musty, putrid, plastic 29
49 N-Furfurylpyrrole * Solvent, cheese, musty 15
50 2-Acetylpyrrole * Coffee, roasted, almond, sweet, burnt, parfum, fresh 29

Odor-active compounds: list of compounds eluted from the chromatography column and smelled by at least one
participant. Odor description: personal description given by each subject for the odor smelled. df = detection
frequency (number of participants who smelled the compound). Asterisks indicate the molecules that have also
been found in other coffee extracts [56–64].
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3.2. Olfactory Function and Odor-Active Compounds

One-way ANOVA showed that the number of molecules perceived for both total and
smelling of coffee is significantly higher for normosmic individuals than for hyposmic ones
(total-molecules: F (1,36) = 16.19, p = 0.0003; coffee-molecules: F (1,36) = 24.25, p < 0.0001)
(Figure 1).

Figure 1. Mean (±SEM) values on the number of total- and coffee-molecules smelled during the
GC-O experiments by each subject, according to their TDI olfactory status. Asterisk indicates
significant differences between individuals with normosmia or hyposmia (p < 0.0005; Fisher’s LSD
test subsequent to one-way ANOVA).

The Pearson correlation test was used to investigate for a correlation between the
number of odor-active compounds and the TDI olfactory score reached by each subject.
In detail, the results shown in Figure 2 indicated that TDI olfactory score was positively
correlated with both the number of total-molecules (Pearson r = 0.56, p = 0.0002) and of
coffee molecules smelled by each subject (Pearson r = 0.55, p = 0.0004).

Figure 2. Correlation analysis between the number of total- and coffee-molecules smelled by each
subject and his/her TDI olfactory score.

Besides, a positive correlation was found between the intensity value that each sub-
ject attributed to the coffee-odor pen and the number of odor-active compounds (total-
molecules: Pearson r = 0.67, p < 0.0001; coffee-molecules: Pearson r = 0.65, p < 0.0001)
(Figure 3) and the average intensity referred for total- and coffee-molecules (total-molecules:
Pearson r = 0.56, p = 0.0003; coffee-molecules: Pearson r = 0.62, p < 0.0001) (Figure 4).
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Figure 3. Correlation analysis between the number of total- and coffee-molecules smelled, and the
intensity perceived for the coffee-odor pen by each subject.

Figure 4. Correlation analysis between the average intensity referred for total- and coffee-molecules
and the intensity perceived for the coffee-odor pen by each subject.

The mean values ± SEM of the intensity perceived for the coffee-odor pen by panelists
classified by their TDI olfactory status are shown in Figure 5. One-way ANOVA revealed
that the intensity perceived by normosmic individuals was significantly higher than that of
hyposmic individuals (F (1,36) = 11.63, p = 0.0016).

Figure 5. Mean (±SEM) values of the intensity perceived for the coffee-odor pen by subjects, accord-
ing to their TDI olfactory status. Asterisk indicates significant differences between individuals with
normosmia or hyposmia (p < 0.005; Fisher’s LSD test subsequent to one-way ANOVA).
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The Pearson correlation test also revealed that the intensity of the coffee-odor pen
reported by each subject was positively correlated with his/her TDI olfactory score (Pearson
r = 0.49, p = 0.0016) (Figure 6).

Figure 6. Correlation analysis between the intensity perceived for the coffee-odor pen by each subject
and his/her TDI olfactory score.

4. Discussion

The main objective of this study was to evaluate the role of the human nose as
a chemical sensor, particularly, in relation to its ability to perceive the single odorous
molecules that make up a complex odor. It is known that the human nose has a vast
sensitivity and a high discriminative power, but the number of odorants it can perceive
is still unknown [51], especially when considering that among humans there is a great
inter-individual variability due to multiple factors: physiological, genetic, environmental,
cultural and behavioral [18,20,37,38,40,42–50]. Most of the odors that surround us, and
in particular those of food and drink, are composed by a mixture of volatile compounds
that can be separated by means of a chromatographic column and used as single olfactory
stimuli [24,25,53,71,74–77].

In this study, by means of the coupled Gas Chromatography-Olfactometry (GC-O) tech-
nique, the single components of the coffee aroma were separated, identified and verbally
evaluated by each subject, using their own nose as a chemical sensor. The number of odor-
active compounds (i.e., the number of sensory active molecules for the subject during the
GC-O experiment) was evaluated by means of the frequency detection method [36,54,71],
which has the advantage of not requiring qualified participants and of highlighting inter-
individual variability [28,54]. The results show that all compounds eluted from the chro-
matographic column were perceived by the participants and that 17 of the 21 compounds
commonly defined as smelling of coffee, were described as having coffee odor. This is
remarkable considering that the participants were unaware of the mixture injected into the
chromatographic column, so they did not have a mental representation of the odor, known
to exert a great influence on the formation of the perceived odor quality [78].

Since little is known about the ability of the human nose to perceive individual
compounds as they elute from the chromatography column, we evaluated the effect of
subjects’ olfactory function on their ability to smell the individual molecules that make up
the complex odor of coffee. Our results show that the number of odor-active compounds
smelled by each individual depends on his/her olfactory status. In fact, for individuals
classified as normosmic the number of odor-active compounds was significantly higher
than that of those classified as functionally hyposmic. The TDI olfactory status represents
the general olfactory status of the individual attributed on the basis of the score obtained
from the sum of the olfactory threshold, discrimination and identification scores. This
means that a condition of hyposmia can be determined by reduced ability in all three
olfactory performances, or in two of them or only in one. We believe that the number of
odor-active compounds for hyposmic individuals is lower than for normosmic ones, due to
a reduced ability to perceive and discriminate odors. The olfactory threshold represents
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the minimum concentration that an odor must have in order to be perceived: hyposmic
individuals could present an increased olfactory threshold (i.e., to perceive odors, they must
have a higher concentration than that required by normosmic individuals) and consequently
they may not perceive those odors that are eluted at subthreshold concentrations for them.
Discrimination represents the ability to recognize different odors: hyposmic subjects show
difficulty in recognizing different odors that are similar, and this could reduce the number
of single compounds that they smell during GC-O experiments. This is compatible with
the fact that in our sample the general state of hyposmia is mainly determined by a low
score obtained with the threshold and discrimination tests. In addition, correlation analyses
showed that the number of odor-active compounds is directly correlated with the TDI
olfactory score achieved by each individual. Furthermore, results are similar whether we
consider the number of total perceived molecules or of molecules commonly defined as
coffee odorants. Within each complex odor there are both molecules that even individually
smell like the complex odor and molecules whose odor is completely different. This aspect
is noteworthy if we consider that the more sensorially active molecules are also those that
contribute more to the odor of the mixture [14,26,53]. Therefore, the individual perception
of a complex odor is strongly conditioned by its intensity, number and type of individual
compounds perceived, making the odor unique and characteristic for each person. This
means that the idea that each individual has of a complex odor, formed by a set of many
molecules, may be different from that of other individuals for whom the odor-active
compounds are different both quantitatively and qualitatively. This also explains, at least
in part, why the intensity with which an odor is perceived differs between individuals.

Based on these considerations, the second aim of our work was to evaluate whether
a correlation exists between the perceived intensity of the coffee-odor pen and both the
number of odor-active compounds and the intensity with which they are perceived. The
results we obtained show that the reported intensity for the coffee-odor pen is positively
correlated with the number of odor-active compounds, both total and coffee-smelling.
Moreover, a positive correlation was also found for the reported intensity of individual
compounds perceived during the GC-O experiments: the greater the intensity with which
each individual perceives each molecule, the greater the intensity with which the mixture
is perceived. These results are in agreement with the fact that in our sample the condition
of hyposmia of individuals is mainly determined by a reduced ability of odor discrimina-
tion and an increased odor threshold. Therefore, on the one hand the sensorially active
molecules are less numerous and on the other, the odor-active compounds are perceived
with less intensity, making the perception of the complex coffee blend less intense.

Finally, given the correlation between the number of odor-active compounds and the
TDI olfactory score and between the number of odor-active compounds and the intensity
of the coffee-odor pen, the last objective of this study was to look for a correlation between
the perceived intensity of the coffee-odor pen and the olfactory function of each individual.
The results show that the values of the coffee-odor pen intensity and those of TDI are
linearly correlated and that normosmic individuals report perceiving the odor of coffee
more intensely than hyposmic ones. These findings are in accordance with a previous
study in which a positive correlation was found between the subjects’ olfactory function
and their ability to detect individual compounds eluted from a chromatographic column
and between the perceived intensity of the complex odor of banana and the number of
odor-active compounds smelling of banana sniffed by each subject [36].

5. Conclusions

In conclusion, the results of this study show that the ability of the human nose as a
chemical sensor is strongly conditioned by the individual olfactory function and that the
intensity with which a complex odor is perceived depends on the number of odor-active
compounds and on the intensity at which they are perceived. Furthermore, the knowledge
of which compounds of a complex odor are odor-active could be of great interest not only
for the food and perfume industry, but also for developing electronic noses capable of
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identifying specific volatile molecules even in complex mixtures and/or reproducing the
functional organization of the olfactory system [14,53].
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Abstract: The in-situ Raman spectroscopy oxidation of the accordion-like V2CTx MXene has been
studied. It was found that a nanocomposite of V2CTx/V3O7 composition was formed as a result. The
elemental and phase composition, the microstructure of the synthesized V2CTx powder and MXene
film as well as the V2CTx/V3O7 nanocomposite obtained at a minimum oxidation temperature of
250 ◦C were studied using a variety of physical and chemical analysis methods. It was found that
the obtained V2CTx and V2CTx/V3O7 films have an increased sensitivity to ammonia and nitrogen
dioxide, respectively, at room temperature and zero humidity. It was shown that the V2CTx/V3O7

composite material is characterized by an increase in the response value for a number of analytes
(including humidity) by more than one order of magnitude, as well as a change in their detection
mechanisms compared to the individual V2CTx MXene.

Keywords: MXene; chemoresistive gas sensors; V2C; vanadium oxide; Raman; 2D-nanomaterials

1. Introduction

The family of two-dimensional (2D) transition d-metal carbides with the general
formula Mn+1CnTx has attracted the attention of the scientific community in recent years
due to its unique properties and high variability of the surface chemistry [1,2]. Currently,
the most studied MXenes are the Ti2CTx and Ti3C2Tx carbide compounds to which the vast
majority of the work has been devoted [3–6]. However, there are more and more studies
devoted to other two-dimensional transition metal carbides, including Mo2CTx, Nb2CTx,
V2CTx [7–10] and various nanocomposites based on them [11–14], are also emerging. At
the moment, researchers continue to search and find different ways to synthesize and
apply MXenes. The vast majority of works on V2CTx are devoted to their use in the
composition of lithium-ion batteries and supercapacitors [15–17]. V2CTx MXene is also
used in ferromagnetics [18], antibacterial coatings [19], memristors [20], hydrogen storage
devices [21], in catalysis during the oxygen evolution reaction (OER) [22], as well as in
chemoresistive gas sensors [23].

The strong interactions of gases with the surface of MXenes corresponding to high neg-
ative adsorption energies (as confirmed by DFT calculations) allow this class of compounds
to be successfully used as a sensitive materials in chemoresistive gas sensors [24,25]. The
mixed and metallic conductivity of individual MXenes allows for obtaining responses at
room temperature with a high signal-to-noise ratio (SNR) [26], which distinguishes them
from metal oxide semiconductors (MOS), the classical receptor materials for chemoresistive
gas sensors [27–30].

For V2CTx MXene, there is sporadic work in the literature on its use in the composition
of chemoresistive gas sensors. In [31] the responses to various gases capable of hydrogen
bonding (NH3, triethylamine, ethanol, methanol, acetone, and formaldehyde) were studied
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depending on the type of etching agent. It has been shown that after the synthesis, the
surface functionalization of V2CTx MXenes changes and different types of responses (so-
called n- and p-type, which correspond to the decrease and increase in electrical resistance
when the analyte is injected) to the same gases are observed. In [32], for the obtained V2CTx
MXene, the authors managed to fix the response to 5–50 ppm NO2; however, data on the
responses to other gases are not given, which makes it difficult to assess the selectivity of
the obtained MXene. In [33], Eunji Lee et al. carried out a comprehensive study of the gas-
sensitive chemoresistive properties of V2CTx MXenes, and found that the greatest response
of a large number of analyzed gases was obtained for hydrogen. Xingwei Wang et al. [34]
described a synergistic process to fabricate a supercapacitor and simultaneously a gas
sensor for ammonia based on a polyaniline/V2C MXene composite with autonomous
power supply from an electromagnetic–triboelectric hybrid generator. The authors were
able to obtain responses of 0.3–10 ppm NH3 at 20 ◦C with high selectivity. The described
approach is extremely promising and state-of-the-art.

The use of MXenes as sensitive materials at room temperatures is due to the fact that
they are prone to oxidation at increasing operating temperatures in an air atmosphere.
In [35], using TG/DTA and XRD analyses it was shown that V2CTx MXene is completely
oxidized to V2O5 at temperatures above 500 ◦C. The thermograms presented in the article
show an intense exothermic effect with a maximum at 332 ◦C, accompanied by an increase
in mass, when heating the MXenes in an air atmosphere, which is associated with the
oxidation process of the MXenes. Unfortunately, the authors did not present data on
the phase composition of oxidized MXene in the specified temperature range, which
complicates the interpretation of the given data. In [36] the authors studied in situ changes
in the phase composition of V2CTx MXene in different gas environments using Raman
spectroscopy. According to the data obtained, it can be seen that in the air atmosphere the
oxidation of MXene begins around 400 ◦C. Such studies are extremely important for fine
control of the phase composition in the context of obtaining V2CTx/VOx nanocomposites
for various applications, including chemical gas sensing.

Previously, we have obtained titanium carbide MXenes [37,38], and studied the phase
transformation of the Ti2CTx MXenes film using in situ Raman spectroscopy and studied
the effect of the oxidation process on its chemoresistive properties [39]. The chemoresistive
properties of the complex vanadium–titanium carbide Ti0.2V1.8C have also been previ-
ously studied [40]. The present work is devoted to the study of the oxidation process of
V2CTx MXene film using in situ Raman spectroscopy and to the study of the gas-sensitive
chemoresistive properties of the obtained nanomaterial to a wide group of analyte gases.

2. Materials and Methods

2.1. Synthesis and Application

Reagents: vanadium metal powders (99.9%, 0.5–100 μm, Ruskhim, Moscow, Russia),
aluminum (99.2%, 30 μm, Ruskhim, Moscow, Russia), graphite (MPG-8 grade, Ruskhim,
Moscow, Russia), potassium bromide KBr (99%, Ruskhim, Moscow, Russia), sodium fluo-
ride NaF (>99%, Reahim, Moscow, Russia), hydrofluoric acid (50%, Honeywell International
Inc, Charlotte, NC, USA), hydrochloric acid (36%, Sigma Tek, Moscow, Russia).

The synthesis of V2CTx MXene was carried out by selective etching of aluminum
contained in the MAX-phase of V2AlC under the influence of hydrofluoric and hydrochlo-
ric acid solutions. Methods for the synthesis of V2AlC and V2CTx, which are close to
those used in this work, are described in detail in [40]. Briefly, to obtain V2AlC pow-
ders of aluminum, vanadium, graphite and potassium bromide were mixed in the ratios
n(V):n(Al):n(C) = 2:1.2:0.8 and m(V + Al + C) = m(KBr), co-milled, compacted into tablets
and subjected to heat treatment in a muffle furnace at 1000 ◦C [39,40].

To obtain an accordion-like V2CTx MXene, a 1 g MAX-phase V2AlC sample was
usually typically added to a solution containing 12 mL of HF (50%) and 8 mL of HCl (36%).
After stirring at room temperature for 30 min, the system was heated to 40 ± 5 ◦C and
kept under these conditions under stirring for 120 h. The resulting powder was separated
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by centrifugation and washed repeatedly with distilled water until pH ~5–6. The sample
was then washed twice with ethanol and centrifuged again. The resulting precipitate was
redispersed in ethanol in an ultrasonic bath for 30 min, most of the impurities (primarily
MAX-phase particles) were separated by centrifugation of the dispersion at 1000 rpm for
5 min. The dispersion of MXene in ethanol was evaporated, and the resulting phase was
dried in a vacuum at 150 ◦C.

The MXene receptor layer was deposited on a special Al2O3 substrate with platinum
interdigital electrodes and a heater (on the reverse side) by microextrusion printing (10 μm
resolution) using a three-coordinate positioning system equipped with a pneumatic and
capillary dispenser in the form of a hollow needle with an internal diameter of 150 μm. A
dispersion of V2CTx MXene in butanol with a concentration of ~5 mg/mL was used. The
coating was dried in a desiccator and then held in a vacuum at 150 ◦C for 5 min.

2.2. Instrumentation

Micrographs and the chemical composition of the surface of the samples were obtained
by scanning (NVision 40 scanning electron microscope, Carl Zeiss, (Oberkochen, Germany),
secondary electron detector, accelerating voltage 1–10 kV) and transmission electron mi-
croscopy (JEOL, JEM-1011, Akishima, Japan), and by X-ray spectral elemental microanalysis
(INCA X-MAX 80 energy dispersive X-ray (EDX) spectrometer, Oxford Instruments (Oxford,
UK), accelerating voltage 20 kV). X-ray diffraction was performed on powders and films using
a D8 Advance (Bruker, Billerica, MA, USA, CuKα = 1.5418 Å, Ni filter, E = 40 keV, I = 40 mA;
2θ range: 5–45◦; resolution: 0.02◦; point accumulation time: 0.3 s).

A Renishaw (New Mills Wotton-under-Edge, Gloucestershire, UK, GL12 8JR) inVia
Reflex Microscope system equipped with a Peltier-cooled CCD (532-nm Nd:YAG laser line
was used) was used to record Raman spectra. The laser light was focused on the sample to
~2 μm through a 50× objective (power on the sample was <0.3 mW). A THMS600 stage
(Linkam Scientific Instruments Ltd., Redhill, Unit 9, Perrywood Business Park, Honeycrock
Lane, Salfords, Redhill, UK, Surrey RH1 5DZ) was used to record variable temperature
Raman scattering. The in-situ film heating rate was 5 ◦C/min. The sample temperature was
pre-calibrated using a high-precision Testo 868 thermal imaging camera. When recording
Raman spectra, there is local heating of the imaging area, so the spectra were recorded in
different areas of the film, but close to each other. All spectra were normalized with respect
to the most intense spectrum.

The chemoresistive responses were performed at room temperature using the labo-
ratory setup described in [41]. A gas-air atmosphere was created in a quartz cell (volume
−7 × 10−5 m3) using two Bronkhorst gas flow controllers with a maximum throughput of
100 and 200 mL/min. The electrical properties of the oxide films obtained were measured
using a Fluke 8846A Digit Precision Multimeter with an upper detection limit of 1000 MΩ.
The sensor temperature was monitored using a pre-calibrated platinum micro-heater. Prior
to gas-sensitive measurements, the film was held in a baseline gas atmosphere until a stable
signal was obtained.

Different relative humidities (RH) were generated using a special unit with a bubbler
flask. The RH of the gas mixture was measured with a digital flow hygrometer “Excis”
(EXIS, Russia, Moscow). The temperature value of the relative humidity was set and then
measured at 20 ◦C.

All gas-sensing measurements were performed at room temperature (RT) and 0%
RH. The response to H2, CO, NH3, benzene (C6H6), acetone (C3H6O), methane (CH4) and
ethanol (C2H5OH) were calculated using the following ratio:

S1 =

∣∣RBL − Rg
∣∣

RBL
× 100% (1)

where RBL—baseline resistance (synthetic air was used as the baseline gas), Rg—resistance
at a given concentration of analyte gas.
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The response to humidity was calculated using the following ratio:

S2 =
|RBL − RRH|

RBL
× 100% (2)

where RBL—resistance at 0% relative humidity, RRH—at a given relative humidity.

3. Results and Discussion

3.1. The Phase Composition and Microstructure of the Obtained V2CTx MXene before Oxidation

Figure 1a shows the X-ray patterns of the V2AlC MAX-phase powders that were used
for the synthesis, as well as an X-ray pattern of the resulting V2CTx MXene powder. As can
be seen, the set of V2AlC MAX-phase reflexes correlates well with the data reported in the
literature (V2AlC, ICSD-606283, Space group P63/mmc). In addition to the characteristic
intense reflex (002) at 2θ = 7.4◦ on the X-ray pattern of the obtained V2CTx MXene sample,
there are reflexes of impurity phases: the V2AlC MAX-phase and the cubic vanadium
carbide phase VC (ICSD-159870, Space group Fm-3m), which should not affect the gas
sensitive properties of MXene. The position of the observed reflex (002) for V2CTx MXene
is in good agreement with other experimental data for this compound [42–44]. Figure 1b
shows an X-ray pattern of the V2CTx MXene film before oxidation on an Al2O3 substrate.
Because of the low thickness of the obtained film, only the characteristic set of α-Al2O3
substrate reflexes (PDF 00-005-0712) is clearly visible in the X-ray pattern shown. The inset
on the left shows a region of the X-ray pattern in the 2θ = 4.5–12◦ interval with a long signal
accumulation time at the point where a widened reflex (002) of the V2CTx MXene phase
is observed. Its position is in good agreement with both the literature data and the data
obtained for the powder of the corresponding composition in the present study (Figure 1a).

Figure 1. X-ray patterns of the V2AlC MAX-phase and the obtained accordion-like V2CTx MXene powder
(a), as well as V2CTx MXene films on Al2O3/Pt substrates before and after in situ oxidation with insets of
characteristic bands for the corresponding V2CTx MXene (left) and V3O7 (right) phases (b).

Figure 2 shows SEM and TEM micrographs of the synthesized V2CTx MXene powder.
The microstructure of V2CTx MXene has an accordion-like structure typical of this fabrication
technique. The average interlayer distance was calculated from the Figure 2a micrograph, and
was found to be 22 ± 5 nm. The value obtained is quite high, indicating a large specific surface
area of the obtained multilayer V2CTx MXene, which is important for gas sensing. The TEM
data (Figure 2c) confirm the formation of the multilayer harmonic, which is in good agreement
with the SEM data. Figure 3a–c shows SEM micrographs of the V2CTx MXene film on an
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Al2O3 substrate. As can be observed from the presented data, the microstructure of the films
is in complete agreement with the microstructure of the powder: the accordion-like structure
of the MXene is maintained, the interlayer spacing values are in the range of the calculated
values for the powder. Using EDX analysis, it was found that besides C, V, forming elements
V2CTx MXene and aluminum (typical for an impurity of the initial MAX-phase V2AlC or
aluminum fluorides), the MXene surface T-functional groups contain oxygen, fluorine and
chlorine (Figure 4a). Their ratio n(F):n(Cl) = 19:1 is determined by peculiarities of the selective
etching process by the chosen system (HF + HCl).

Figure 2. SEM (a,b) and TEM (c) microphotographs of V2CTx MXene powder.

 

Figure 3. SEM micrographs of V2CTx MXene film on Al2O3/Pt substrates before (a–c) and after
(d–f) oxidation.

3.2. Thermal Analysis of V2CTx Powder

The study of the thermal behavior of the obtained V2CTx multilayer powder sample
during its heating in an air flow (Figure 4b) allows for a more correct planning of the exper-
iment in the in-situ oxidation of the MXene receptor layer during heating during the record-
ing of Raman spectra. Thus, in the initial stages of heating at temperatures <120–230 ◦C
there is a mass loss of ~1.6–1.7%, probably due to the removal of adsorbed water molecules.
On heating >240 ◦C there is a further decrease in mass, which may be due to the removal
of MXene functional groups, primarily OH-groups. This process at temperatures above
240–260 ◦C is overlaid by exothermic processes of the beginning of MXene oxidation:
with a maximum at 300 ◦C for more dispersed MXene aggregates (a stack diameter of
100–300 nm), surface areas of larger V2CTx aggregates (~500–1000 nm stack diameter) and
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internal areas of large accordion-like aggregates, to which diffusion is difficult (with a
maximum at 352 ◦C). In this case, the oxidation process becomes dominant at 350 ◦C, as the
decrease in mass loss due to functional groups removal is replaced by a tendency to increase
in mass. A low intensity exothermic effect in the interval 490–570 ◦C can be attributed
to the oxidation of more oxidation-resistant phases VC and V2AlC. Thus, the onset of
the oxidation process of V2CTx MXene with simultaneous heating in air and recording of
Raman spectra should be expected at temperatures ~240–250 ◦C.

Figure 4. EDX spectrum of V2CTX film on Al2O3 substrate (a) and DSC (red) and TGA (blue) curves
of the obtained V2CTx powder during heating in an air current (b).

3.3. In Situ Raman Spectroscopy during Heating of V2CTx MXene Film

The main purpose of using in situ Raman spectroscopy in the present study was
to study the oxidation process of the V2CTx MXene film as well as the formation of the
V2CTx/VOx composite for further study of the gas-sensitive properties.

Figure 5 shows the in-situ Raman spectra of the V2CTx MXene film when heated in
the temperature range RT–250 ◦C. At room temperature, four MXene characteristic modes
ω1–ω4 are observed at 269, 431, 689 and 912 cm−1, respectively. These modes can be
related to the individual V2CTx MXene [36,45–47]. In addition, D-(ωD) and G-modes (ωG)
are present in the spectra at 1354 and 1582 cm−1, which are common to many carbon
systems with sp2-hybridization of carbon atoms [48]. The presence of D- and G-modes is
characteristic of the entire MXene family; it illustrates the formation of layered carbon in
their composition or the formation of a graphene-like carbon impurity during excessive
etching of the MAX-phase. The described set of characteristic modes ω1–ω4 and ωD, ωG is
maintained up to 200 ◦C. It is worth noting that all modes except for the D- and G-bands
are of low-intensity, which is a consequence of two factors: the nature of the MXenes
themselves, which are not characterized by intense Raman bands, and the conditions of
the Raman experiment, since the study was performed at low laser power to avoid local
overheating of the coating by the laser itself and MXene oxidation. In addition, as we have
recently shown for Ti2CTx [40], the MXene modes on the Al2O3 substrate are much weaker
than on the platinum substrate.

The changes in the Raman spectra of the V2CTx MXene film start to appear at 250 ◦C.
In addition, new modes are added to the V2CTx MXene ω1–ω4 bands: intense ω5 at
144 cm−1 as well as ω6–ω11 at 280, 306, 409, 525, 700 and 995 cm−1, respectively. The
Raman bands described are characteristic of α-V2O5 (orthorhombic crystal lattice, Space
group Pmmn) [49]: B2g, B1g, A1g, A1g, A1g and (A1g and B2g) modes, respectively [50]. It
should be noted that the D- and G-modes are maintained at the heating temperature of
250 ◦C, which also confirms the fact that the MXene oxidation did not proceed completely
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and the V2CTx/V2O5 composite was formed at these temperature conditions. Thus, the
temperature of 250 ◦C was chosen as optimal for in situ heating of the V2CTx MXene film
using Raman spectroscopy.

Figure 5. In situ Raman spectra during heating of V2CTx MXene film in air in the temperature range
RT–250 ◦C.

After cooling the sample to room temperature, Raman spectra were also recorded
for the obtained oxidized V2CTx MXene film. It was found that the spectrum obtained is
significantly different from that recorded for the sample heated to 250 ◦C (Figure 5). The
spectrum contains a completely different set of Raman modes: ω12–ω20 at 168 (intense),
224, 261, 298, 845, 880 (intense), 936, 990 and 1031 cm−1, respectively, which correspond
with high accuracy to the characteristic peaks for another vanadium oxide, V3O7 (mono-
clinic crystal lattice, Space group C2/c) [50]. It is to be noted that the ω1–ω3 and ωD–ωD
modes characteristic of V2CTx MXene are maintained in the spectrum, indicating that
the V2CTx/V3O7 composite has formed during cooling. Thus, after cooling from 250 ◦C
to room temperature, the obtained film undergoes structural changes: the vanadium (V)
oxide α-V2O5 formed during MXene oxidation is transformed into the mixed oxide V3O7
containing vanadium atoms in the +IV and +V oxidation states. It is worth noting that the
formation of V3O7 is not a common case for vanadium oxides, which are characterized
by individual V2O5 and VO2 oxides, as well as composites containing their individual
phases [49,51].
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3.4. The Phase Composition and Microstructure of the Obtained V2CTx MXene after Oxidation

Figure 1b shows an X-ray pattern of the V2CTx/V3O7 film on an Al2O3/Pt substrate
after heating to 250 ◦C using in situ Raman spectroscopy. It shows intense reflexes related
to the substrate materials α-Al2O3 and Pt (PDF 00-005-0712 and 00-004-0802, respectively),
as well as low-intensity reflexes of the V3O7 phase. The resulting set of V3O7 reflexes
correlates well with the available data in the database (ICSD 2338), which is particularly
evident in the corresponding inset in Figure 1b, right. The XRD data obtained are in full
agreement with the Raman data and confirm the V3O7 content in the films obtained after
heating to 250 ◦C in air.

Figure 3d–f shows SEM microphotographs of V2CTx/V3O7 films after heating to
250 ◦C using in situ Raman spectroscopy; it is shown that the microstructure of the films
undergoes significant changes. The microphotographs show a shape similar to the initial
multilayer harmonic, which is characteristic of MXene, but this is no longer observed after
oxidation. The formed structures become more closed and porous with a pore size of
~25–40 nm, which is close to the value of the interlayer distances that were calculated for
the individual multilayer aggregates of V2CTx MXene.

3.5. Gas-Sensing Chemoresistive Properties

In the first step, chemoresistive responses were determined for the obtained V2CTx
and V2CTx/V3O7 films when detecting 100 ppm CO, NH3, NO2, benzene (C6H6), acetone
(C3H6O), ethanol (C2H5OH), and 1000 ppm methane (CH4) and H2 at room temperature
and 0% RH. Experimental responses (S1) for these gases are shown in Figure 6a,b. Selectivity
diagrams (Figure 6c,d) were constructed from the series of responses obtained. The obtained
responses for V2CTx do not show high numerical values; nevertheless, due to the high
SNR value (which is typical for the whole MXene family) it was possible to efficiently
detect different gases. For the original V2CTx MXene film, the highest response (1.35%)
was observed in the detection of NH3. Notable responses were also recorded for NO2
(0.96%) and CO (0.94%), while the response for all other analyzed gases did not exceed
0.55%. For the oxidized V2CTx/V3O7 MXene, a significant increase in the response value
for all analyzed gases was observed: the response for NH3 increased more than 9 times to
12.7%, and for NO2 more than 15 times to 14.9%. The response to all other analyzed gases
did not exceed 10.3%. The numerical values of the responses to all the studied gases of the
MXene film before and after oxidation are shown in Figure 6c,d.

For ammonia, for which high responses were observed during detection, the sensitivity
to different concentrations was studied. Figure 7a,b shows the responses to 4–100 ppm NH3
at RT of the MXene film before and after oxidation. As can be seen, there is a consistent
increase in the response (S1) with increasing NH3 concentrations from 4 to 100 ppm in both
cases: from 0.18 to 1.35%, and from 2.7 to 12.7% for V2CTx and V2CTx/V3O7, respectively,
with a small baseline drift (which can be explained by the high interaction energy of the
ammonia molecule with the receptor material). Thus, both V2CTx and V2CTx/V3O7 films
demonstrate the ability to precisely detect different analyte content in the gas atmosphere
at room temperature.

Figure 7c,d shows the response of the obtained V2CTx and V2CTx/V3O7 films when
the relative humidity RH is changed from 0 to 95%. For the original V2CTx film, the
response (S2) is 10% when the RH is changed to 95%, which is quite high compared to the
response for the other gases for which the response does not exceed 1.35%. The oxidized
V2CTx/V3O7 film also shows a significant increase in sensitivity to RH: the response at
70% RH is 85.6%. At the same time, it should be noted that in the range RH = 50–95% the
response to humidity changes much less significantly than at humidity <50%. In general,
the high sensitivity of MXenes to humidity is typical and well-described in the literature,
but we have not found any reports in the available sources of an increase in their sensitivity
to humidity during the formation of the V2CTx/V3O7 composite.

Figure 8 shows a column diagram of the selectivity, taking into account the sign of the
response. Positive values correspond to an increase in electrical resistance (p-response), and
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negative values correspond to a decrease (n-response). As can be seen from the presented
data, for the original V2CTx MXene film in the detection of all gases (including an increase
in RH) there is a p-response, which is typical for MXene, except for NO2, for which an
n-response is recorded. However, for the oxidized V2CTx/V3O7 film, significant changes
are observed: for all gases, except NH3 and NO2, the response is reversed from p- to n-
response. When NH3 is detected, the p-type response is retained, and when NO2 is detected,
the n-type response is retained. The observed processes with the change of direction of
resistance change are a consequence of the change of mechanisms of gas detection.

In the detection of various gases, the p-response (with an increase of resistance at the
analyte injection) is quite typical for various individual MXenes, including V2CTx [33].
The resistance increase observed in this case can be explained by the so-called “swelling
mechanism”, according to which gases can intercalate into the MXenes’ interlayer space,
which causes an additional increase in the interlayer distance, complicating the charge
transfer outside the MXenes plane [33]. In addition, it is believed that the sorption of any
gases due to the charge transfer between them and the MXenes metal atoms interferes with
the transport of charge carriers and reduces their quantity.

Figure 6. Responses (%) to various gases (100 ppm CO, NH3, NO2, C6H6, C3H6O, C2H5OH and
1000 ppm CH4, H2) and V2CTx MXene film selectivity diagrams before (a,c) and after oxidation (b,d);
all data obtained at RT and 0%RH.
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Figure 7. Responses (%) to 4–100 ppm NH3 of V2CTx MXene film before (a) and after oxidation (b)
at RT and 0%RH; responses to 20–95%RH (c,d) at RT.

Figure 8. The selectivity diagram of V2CTx MXene film and V2CTx/V3O7 nanocomposite summariz-
ing the response data (taking into account the sign of response, i.e., the direction of resistance change.
The “+” sign corresponds to an increase in electrical resistance, and the “−” sign to a decrease) for
different gases (100 ppm CO, NH3, NO2, C6H6, C3H6O, C2H5OH, 1000 ppm CH4, H2 and 20%RH),
with the inset with a large increase in response value for some gases.
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As in the case described in the present study, the investigation by Yajie Zhang et al. [32]
also recorded an n-response in the detection of NO2, which the authors associated with
possible reactions between the NO2 molecule and the functional groups -O and -OH on
the surface of the V2CTx MXene. As a result, NO−

2 -groups may be formed on the MXene
surface, which leads to a decrease in electrical resistance. This mechanism is supported
by the fact that, according to EDX analysis, the V2CTx powder obtained contains a large
number of oxygen-containing fragments (O, OH and probably H2O in the interlayer space)
in addition to F- and Cl-groups, which may also be involved in the gas-sensing mechanism
and influence the response characteristics [31]. There are a few studies in the literature on
the use of an individual V2CTx as a sensor material; nevertheless, the available data are in
good agreement with the data obtained in the present study [31–34].

Vanadium dioxide (VO2) and vanadium pentaoxide (V2O5) are known to be n-type
semiconductors [52,53]. The vanadium oxide (V3O7) formed in this case is intermediate
between VO2 and V2O5 and is also an n-type semiconductor. The n-type response obtained
when the V2CTx/V3O7 film detected all the gases studied except NH3 can be explained by
the classical detection mechanism for MOS-sensors through the ion adsorbed oxygen on
the surface of the V3O7 semiconductor nanoparticles [54–56]. CO, C6H6, C3H6O, C2H5OH,
CH4 and H2 are reducing gases, so when they react with ionized oxygen (Ox−

y ), they should
oxidize to form CO2 and H2O, which can lead to the release of additional electrons while
the electrical resistance decreases, corresponding to an n-response [57–60]. The obtained
data on the sensing properties agree well with those reported in the literature for V2O5 [30]
at elevated sensing temperatures. When NH3 and NO2 were detected by the V2CTx/V3O7
nanocomposite film, p- and n-responses, respectively, were observed (i.e., the detection
character of V2CTx MXene was maintained), which is not typical for n-type semiconductors.
In this regard, it can be assumed that the detection of these gases is mainly due to the
characteristic of the MXene mechanism.

The increase in response values for the V2CTx/V3O7 nanocomposite can be associated
with the formation of metal defects in the MXene layers during oxidation and the increase
in specific surface area that improved adsorption of gases, as well as with the formation of
heterojunctions. This leads to an effective separation of charge carriers at the interface and
increases the sensitivity to adsorption of electron-donor and -acceptor gases.

It is to be noted that the oxidation of the V2CTx film also changes the direction of the
humidity-sensing response from the n- to the p-type. For the individual V2CTx film, the
p-type response with increasing humidity is also traditionally explained by the swelling
mechanism resulting from the adsorption of molecules between the MXene layers. On the
other hand, the n-type response of the V2CTx/V3O7 composite film can be explained by
the mechanisms of the interaction of water molecules with MOS-materials [54], according
to which hydroxylgroups are formed on the surface of the metal oxide semiconductor. As
a result, electrons are emitted and a decrease in electrical resistance is observed, which
corresponds to the n-response [27].

Separately, it should be noted that there are no data in the literature on the use of V3O7
as a gas-sensitive chemoresistive material. This fact can be explained by the metastability of
this oxide, and the operation of MOS-gas sensors usually occurs at elevated temperatures.
The data obtained in this study are probably the first experimental confirmation of the high
gas sensitivity of this oxide.

4. Conclusions

In summary, the present study is the first to investigate the effect on the gas-sensitive
properties of accordion-like V2CTx MXene synthesized by selective etching of V2AlC MAX-
phase by HF-HCl acid mixture, and doping with nanosized V3O7 as a result of MXene
oxidation controlled in situ by Raman spectroscopy.
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The elemental and phase composition, the microstructure of the synthesized V2CTx
MXene, the coatings based on it, and the V2CTx/V3O7 nanocomposite obtained at a
minimum oxidation temperature of 250 ◦C were studied by using a variety of physical and
chemical analytical methods.

It was found that the obtained V2CTx and V2CTx/V3O7 films are sensitive at room
temperature and zero humidity to a wide range of investigated gases (H2, CO, NH3, C6H6,
C3H6O, CH4, C2H5OH and NO2), but the highest responses were observed for ammonia
and nitrogen dioxide. At the same time, the partial oxidation of V2CTx leads not only to an
increase in the response of the V2CTx/V3O7 material, but also to some change in selectivity.
Thus, if for the original V2CTx multilayer MXene the responses at 100 ppm (RT, RH = 0%)
decreased in the series NH3 (1.35%) > NO2 (0.96%) > CO (0.94%), then for the V2CTx/V3O7
composite the series of highest responses changes: NO2 (14.9%) > NH3 (12.7%) > acetone
(10.3). Despite the close response values for NO2 and NH3, this does not negatively
affect the selectivity due to the different nature of the resistance change when these gases
are injected.

It is shown that the oxidation of the V2CTx film and the formation of the V2CTx/V3O7
nanocomposite also leads to a significant increase in the humidity response value
(RH = 0–95%) and a change in its character from n- to p-type. At the same time, for
V2CTx/V3O7 there is a saturation of the response value after reaching the relative humidity
of 50%, in contrast to the initial V2CTx MXene.
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Abstract: Temperature- and humidity-sensing properties were evaluated of NixMg1-x spinel ferrites
(0 ≤ x ≤ 1) synthesized by a sol-gel combustion method using citric acid as fuel and nitrate ions
as oxidizing agents. After the exothermic reaction, amorphous powders were calcined at 700 ◦C
followed by characterization with XRD, FTIR, XPS, EDS and Raman spectroscopy and FESEM
microscopy. Synthesized powders were tested as humidity- and temperature-sensing materials
in the form of thick films on interdigitated electrodes on alumina substrate in a climatic chamber.
The physicochemical investigation of synthesized materials revealed a cubic spinel Fd3m phase,
nanosized but agglomerated particles with a partially to completely inverse spinel structure with
increasing Ni content. Ni0.1Mg0.9Fe2O4 showed the highest material constant (B30,90) value of 3747 K
and temperature sensitivity (α) of −4.08%/K compared to pure magnesium ferrite (B30,90 value of
3426 K and α of −3.73%/K) and the highest average sensitivity towards humidity of 922 kΩ/%RH
in the relative humidity (RH) range of 40–90% at the working temperature of 25 ◦C.

Keywords: nickel; magnesium; spinel; ferrite; humidity; temperature; sensing; structure; morphology

1. Introduction

Spinel ferrites are metal oxides with the general formula MFe2O4, where M could
be Cu, Mg, Ca, Co, Ni, Zn, Mn, Sr, Ba, etc., or may be a combination of different metal
cations. Ferrites have a spinel structure, which is defined by 16 d octahedral positions,
called B-sites, and 8 tetrahedral positions, called A-sites, occupied by metal cations, while
32 e positions at polyhedron vertexes are occupied by O ions [1]. Spinels can be normal,
where all B-sites are occupied by Fe ions and all A-sites are occupied by other metal
cations, wherein the inversion degree λ is zero and the formula is

(
M2+

)(
Fe3+

2

)
O4, or

inverse, when iron ions occupy A-sites and more Fe ions and other cations occupy B-sites.
Parameter λ is then 1, and the formula is

(
Fe3+

)(
M2+Fe3+

)
O4 [1]. Spinels can be partially

inverse, with the inversion parameter ranging between 0 and 1; the resulting formula is(
M2+

1−λFe3+
λ

)
︸ ︷︷ ︸

tetrahedral sites

(
M2+

λ Fe3+
2−λ

)
︸ ︷︷ ︸
octahedral sites

O4, with λ representing the inversion degree.

Due to their magnetic, electric, dielectric and optical properties, natural abundance
and also high biocompatibility, spinel ferrites, especially in nano form, have been the subject
of much research for application in gas sensing [2], water and wastewater treatment [3],
adsorption [4], catalysis [5] and photocatalysis [6], as magnetic nanocarriers for medical
applications [7] and more recently for energy storage [8].
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Many different and versatile methods have been applied for the synthesis of ferrites
and include high-temperature solid-state synthesis from oxides as precursors [5,9], ther-
mal decomposition of metal nitrates [1], pulsed laser deposition [1], sol-gel synthesis [10],
co-precipitation [11], chemical vapor deposition [1] and others [5], depending on the cost,
simplicity and also the desired morphology and particle size. The electric, electromag-
netic and optical characteristics of the resulting ferrites are dependent on their synthesis
conditions, cation substitution, inversion degree and elemental composition [12]. Citrate
combustion synthesis is a popular synthesis method because of the short reaction time,
cheap chemicals and citrate serving as a chelating agent and fuel at the same time [13]. Cit-
rate combustion synthesis, as a sol-gel synthesis, ensures the obtaining of highly crystalline
nanoparticle powders [8].

Monitoring humidity is a widespread necessity for the sake of human health and
safety, and also for the quality of products and efficacy of industrial processes. Most of
the commercially available humidity sensors measure relative humidity, and they can be
categorized based on material types or operating principle. As for material types, those
could be ceramic/semiconductor, polymer or hybrid materials. All of the mentioned
detect and measure humidity by absorbing and desorbing water molecules, which change
physical and electrical properties such as impedance, capacitance, electrical resistance and
others [14]. Ceramic-type humidity sensors exhibit advantages over polymer films such as
physical stability and chemical and thermal resistance [14].

Temperature sensing is another scientific and engineering discipline employed in al-
most every aspect of human life. The main types of temperature sensors are thermocouples,
RTDs, thermistors and semiconductor-based ICs. Thermistors respond to temperature
with impedance and resistance changes. Metal oxide spinels are mainly NTC (negative
temperature coefficient) thermistors, which means that with an increase in temperature,
their electric impedance decreases. The change can be described by the Arrhenius equation,
with the B-value determining the steepness of the temperature change. Ceramic NTC
thermistors are low-cost, simple to synthesize and chemically and physically stable. “They
offer the best sensitivity and accuracy at the lowest price” [15].

We incorporated citrate synthesis into this work to synthesize mixed Ni-Mg fer-
rites. While both magnesium ferrite and nickel ferrite have been tested as humidity
sensors [16,17], neither has been considered as a temperature sensor, so detailed research
has been conducted in this work to comprehend the impact of combining nickel and
magnesium in a ferrite material with regard to its sensing properties.

2. Materials and Methods

The materials used in this synthesis are citric acid (Sigma Aldrich, ACS, St. Louis, MI,
USA) and the metal nitrates Mg(NO3)2 ·6 H2O (Sigma Aldrich, puriss, p. a.), Ni(NO3)2·6 H2O
(Sigma Aldrich, purum, p. a.), and Fe(NO3)3 ·9 H2O (Sigma Aldrich, puriss, p. a.).

The sol-gel combustion method with citric acid as a reducing agent and nitrate ions as
oxidizers was used to synthesize nickel–magnesium ferrites NixMg1-xFe2O4, with x = 0,
0.1, 0.3, 0.5, 0.7, 0.9 and 1. The precursory nickel, magnesium and iron nitrate 1 M aqueous
solutions were mixed and put on a heated magnetic stirrer. Water was evaporated from the
mixture at 80 ◦C until a gel was formed. Then, the temperature was set to 250 ◦C until the
combustion reaction occurred. The resulting powders were amorphous, brown-black in
color, very light and flaky. Powders were calcined in a chamber furnace for 3 h at 700 ◦C
with a heating rate of 10 ◦C/min.

To study the powder structure, X-ray diffraction (XRD) data were acquired using a
PANalytical X’Pert PRO diffractometer in Bragg–Bretano geometry with a scattering angle
from 10 to 120◦, a step of 0.017 s, a hold time of 24.76 s and Co Kα radiation (wavelength
of 1.78901 Å). Room temperature Raman spectra (Raman shift region of 150–1000 cm−1,
2.5 mW power at sample) were taken with an XploRA (Horiba Jobin Yvon) spectrometer
with a 532 nm laser. An FTIR Nicolet 6700 ATR device (range 400–2000 cm−1, resolution
4 cm−1) was used to collect Fourier transform infrared (FTIR) spectra. To study the powder
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morphology and microstructure, field emission scanning electron microscopy (FESEM) was
applied on a TESCAN MIRA3 XM and ZEISS GeminiSEM 360 with an Oxford Instruments
EDX. An FEI Talos F200X microscope operated at 200 kV was used to collect transmission
electron microscopy (TEM) micrographs. To study the elemental composition, X-ray
photoelectron spectroscopy (XPS) was performed by a SPECS System with an XP50M X-ray
source for a Focus 500 and PHOIBOS 100/150 analyzer (AlKα source (1486.74 eV) at 12.5 kV
and 32 mA). A constant pass energy of 40 eV, step size of 0.5 eV and dwell time of 0.2 s in
the FAT mode were applied to record survey spectra with a 0–1000 eV binding energy and
at a pressure of 9 × 10−9 mbar using the SpecsLab data analysis software. A constant pass
energy of 20 eV, step size of 0.1 eV and dwell time of 2 s in the FAT mode were applied
to record detailed spectra of Mg 1s, Ni 2p, and Fe 2p peaks. All the peak positions were
referenced against C 1s at 284.5 eV. The commercial CasaXPS software package was used to
analyze all recorded spectra.

Humidity and temperature sensing measurements were performed in a JEIO TECH
TH-KE-025 humidity and temperature climatic chamber with the relative humidity (RH)
ranging from 40 to 90% (at T = 25 ◦C) and the temperature ranging from 25 to 90 ◦C
(at RH = 40%). The spinel ferrite powders were mixed with water and ultrasonically
dispersed to prepare a paste that was drop-cast on interdigitated Au electrodes on a
ceramic substrate (Drop Sense IDEAU200). After drying at 50 ◦C, the paste formed a
thick film (as shown in Figure 1). The thick film layer was measured with a laboratory
micrometer, and the average thickness was estimated as 100 μm. Impedance was measured
with a Hioki LCR 3536 analyzer in the frequency range of 8 Hz–1 MHz at a voltage of 1 V.

 

Figure 1. Ni-Mg ferrite thick film sample, used electrodes and setup in climatic chamber.

3. Results and Discussion

3.1. Structural Characterization

Analysis of the measured XRD diffractograms of synthesized nickel–magnesium
ferrite powders (Figure 2) using the HighScorePlus software showed well-resolved, highly
crystalline peaks that can be indexed as a cubic spinel structure (space group Fd3m),
taking into account ICSD cards 98-016-7491 and 98-024-6894 for MgFe2O4 and NiFe2O4,
respectively. Traces of hematite (ICSD 98-002-2505) were noted also, and the hematite
content varied depending on the composition (Table 1), which is in accordance with
previous results [10]. The Scherrer equation was used to calculate the crystallite size, as
shown in Table 1. It varied in the range 30–39 nm, with 39 nm obtained for pure nickel
ferrite and 37 nm obtained for pure magnesium ferrite. If we observe the (311) peak of the
cubic spinel structure more closely, as shown in Figure 2b, we can note that the substitution
of magnesium for nickel in magnesium ferrite led to a slight shift of the diffraction peak to
higher values. The shift of diffraction peaks can be attributed to the fact that Ni2+ has a
smaller ionic radius of 0.69 Å compared to the Mg2+ ionic radius of 0.72 Å, so when nickel
is exchanged for magnesium, the lattice volume shrinks slightly. This has been noted before
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for Mg- or Zn (A)-substituted Ni1-xAxFe2O4 [11] and cobalt-substituted nickel ferrites [18].
The introduction of Mg or Zn with a larger ionic radius (0.72 and 0.74 Å) instead of Ni,
with a smaller ionic radius (0.69 Å), led to a small distortion of the lattice and a shift of
diffraction peaks [11]. Rietveld refinement enabled determination of the lattice constant
and inversion degree, as shown in Table 1. Good agreement between measured and fitted
data was observed, as shown in the example given in Figure 2c for Ni0.3Mg0.7Fe2O4.

Figure 2. XRD patterns of NixMg1-xFe2O4 (0 ≤ x ≤ 1) (a); (311) peak shift with magnesium substitu-
tion with nickel (b); and refined XRD diffractogram of Ni0.3Mg0.7Fe2O4 (c).

Table 1. Lattice parameters, inversion degree, crystallite size and hematite content determined for
NixMg1-xFe2O4 (0 ≤ x ≤ 1).

Sample
Lattice Constant

(Å)
Inversion

Degree
Crystallite Size

(nm)
Hematite

(wt.%)

MgFe2O4 8.37854(10) 0.8 37 17.7

Ni0.1Mg0.9Fe2O4 8.36136(2) 0.8 30 0

Ni0.3Mg0.7Fe2O4 8.36820(8) 0.8 38 6.2

Ni0.5Mg0.5Fe2O4 8.34918(11) 0.8 37 6.9

Ni0.7Mg0.3Fe2O4 8.34304(10) 1 34 6.9

Ni0.9Mg0.1Fe2O4 8.33014(10) 1 39 4.2

NiFe2O4 8.33677(10) 1 39 0.4

In cubic spinel ferrites the lattice constant, peak position, peak intensity ratio and inver-
sion degree of the spinel structure also depend greatly on the cation distribution on A and
B sites [19]. In the case of magnesium ferrite, there are varied opinions on the preference of
magnesium ions for tetrahedral and octahedral sites, and magnesium ferrite has most often
been described as a “partially inverse spinel” ferrite with magnesium ions present at both
tetrahedral and octahedral sites [20,21]. In our previous work magnesium ferrite synthesized
using the sol-gel combustion method and citric acid as fuel showed a partially inverse spinel
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structure, [Mg0.21Fe0.79]A[Mg0.79Fe1.21]BO4, with Mg2+ ions at both A and B sites [22]. The
substitution of magnesium with nickel leads to changes in the lattice parameters, peak position,
peak intensity ratio and other parameters of the cubic spinel structure [23,24]. Nickel ions show
a strong preference for octahedral (B) sites both in pure nickel ferrite—where often all nickel
ions are located at octahedral sites, with Fe3+ ions at both tetrahedral and octahedral sites [25]—
and in mixed metal spinel structures such as magnesium–nickel ferrites [26–28]. This was the
case in this work, as Rietveld analysis showed that when nickel substituted Mg, it was located
at octahedral sites, while Mg2+ and Fe3+ were distributed between octahedral and tetrahedral
sites. The inversion degree was 0.8 for compositions with x = 0.1, 0.3 and 0.5, with the cation dis-
tribution as follows: [Mg0.2Fe0.8]A[Mg0.7Ni0.1Fe1.2]BO4, [Mg0.2Fe0.8]A[Mg0.5Ni0.3Fe1.2]BO4 and
[Mg0.2Fe0.8]A[Mg0.3Ni0.5Fe1.2]BO4, respectively. For x = 0.7, 0.9 and 1 (pure nickel ferrite), the
inversion degree was determined as 1, making the cation distribution [Fe1]A[Mg0.3Ni0.7Fe1]BO4,
[Fe1]A[Mg0.1Ni0.9Fe0.5]BO4 and [Fe1]A[Ni1Fe1]BO4, respectively. The determined lattice pa-
rameter values for NixMg1-xFe2O4 powders also varied with the cation distribution and were
higher for samples with higher Mg content, as noted before [19,29].

Raman spectra of synthesized samples are shown in Figure 3a. The spectra of MgFe2O4
and NiFe2O4 samples are similar to those already reported in the literature, when consider-
ing completely or partially inverse spinel structures [25,30–33]. It is known that in the case
of completely inverse or normal spinel structure, five first-order Raman-active modes are
expected (A1g + Eg + 3T2g) [25,34,35], and all of those five peaks are observed in spectra in
Figure 3a, even though the T2g(3) mode becomes very weak in MgFe2O4.

  
(a) (b) 

Figure 3. (a) Raman spectra and (b) FTIR spectra of synthesized NixMg1-xFe2O4 (0 ≤ x ≤ 1).

According to the literature, the A1g peak originates from a symmetric stretching vibra-
tion of oxygen within the tetrahedral AO4 groups, i.e., symmetric stretching of (Fe/M)–O
bonds for metal ions at the tetrahedral sites (tetrahedral breath mode) [27,36,37]. Although
some authors report that modes below 600 cm−1 originate from the vibrations of ions in
the octahedral group [27,35,38], others claim that this refers only to the T2g(2) and T2g(3)
modes, which originate from asymmetric stretching and asymmetric bending of (Fe/M)–O
bonds, respectively, while T2g (1) comes from translational vibration of the whole AO4
tetrahedron. The Eg mode is mostly attributed to symmetric bending vibrations of oxygen
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with respect to cations in tetrahedral surroundings [27,37,39]. The spectra in Figure 3a
show the asymmetry of Raman peaks, indicating the occurrence of the additional modes,
which is common for spinel ferrites, especially nanocrystalline ferrites. Even though a
certain asymmetry of Raman peaks for nanocrystalline samples may be caused by the
confinement effect [40,41], the redistribution of cations (M2+ and Fe3+) between octahedral
and tetrahedral sites has been recognized as the main reason for the asymmetry of Raman
modes in spinel ferrites. In this regard, some authors assign the occurrence of additional
modes to the non-equivalent bonds caused by different metal ions in octahedral positions
(in partially or completely inverse spinels) and to the short-range ordering of M2+ and Fe3+

ions at the B site, which induces the lowering of the symmetry [30,42–45]. On the other
hand, the distribution of M2+ cations between A and B positions is also often reported as
the cause of the appearance of additional modes [11,27,46–49]. Having in mind the latter,
it is important to outline that the spectra of the ferrites NiFe2O4 and MgFe2O4 generally
have a pronounced asymmetry of the A1g peak, indicating the splitting of this peak into the
A1g(1) and A1g(2) modes, and such an effect is also perceived in our spectra. Considering
the existence of different cations at tetrahedral positions as the possible reason for A1g
peak splitting, in the case of partially inverse spinels, some authors attribute the Mg–O
bond to the A1g(1) mode in MgFe2O4 [48,50], while others ascribe the same bond to the
A1g(2) mode [32]. However, some research indicates that in completely inverse spinels,
both the A1g (1) and A1g (2) modes can originate only from the contribution of Fe-O bonds
in tetrahedral coordination [18].

When considering the spectra of the NixMg1-xFe2O4 system in Figure 3a, it can be
concluded that the addition of Ni to MgFe2O4 causes an alteration in the relative intensity,
shape and position of Raman peaks. Namely, with increase in the x value from 0 to 0.5,
an increase in relative intensity as well as a certain change of the shape of the T2g(3) and
T2g(2) modes are observed, probably due to more pronounced incorporation of Ni2+ ions
into octahedral positions, i.e., due to the occurrence of both Ni2+ and Mg2+ ions as M ions
at these sites. Along with that, changes in the Eg mode are also noticed. When x exceeds
the value of 0.5, a certain modification of the shape and width of the A1g peak becomes
evident compared to the lower x values, which together with the results of Rietveld analysis
may indicate that the incorporation of Mg2+ ions into the tetrahedral positions becomes
negligible. There is also an additional difference in the relative intensity, shape and position
of the T2g(3) and T2g(2) modes, with respect to the samples with x ≤ 0.5, which may be a
consequence of the dominant presence of Ni2+ and Fe3+ ions at octahedral positions for the
higher values of x. Taking into account the modifications of the shape and intensity of the
T2g(3) mode with a change of x, it could be assumed that the shoulder effect detected at
585–590 cm−1 in NiFe2O4 originates from Ni2+ ions at B sites, while the mode at 562 cm−1

comes from Fe3+ ions at B sites. It is also possible that those modes are influenced by the
creation of Fe2+ ions, as well as by the creation of pairs of Fe2+ and Ni3+ ions in NiFe2O4,
because of the charge transfer between Fe3+ and Ni2+ at the B sites. Namely, the mentioned
mechanism is a leading cause of conductivity in NiFe2O4 nanoparticles [36]. A slight shift
of the A1g(1) mode towards lower values with an increase of x was also detected, which is
in accordance with investigations by D. Varshney and K. Verma [11]. The shift may be a
result of the higher atomic mass of Ni2+ as compared to the Mg2+ion. An analogous shift is
also noted for the T2g(1) peak.

The measured FTIR spectra of calcined NixMg1-xFe2O4 powders are displayed in
Figure 3b in the range of 400–800 cm−1. No other bands were detected because there are
no organic phases present in the synthesized powders, but only peaks originating from
the cubic spinel structure, as shown in Figure 3b. The band in the range of 400–450 cm−1

originates from metal–oxygen vibrations at the octahedral sites, while the band in the range
of 510–550 cm−1 is due to stretching vibration of the metal–oxygen bond at tetrahedral
sites [22,28]. Analysis of the band position shows that there is a peak shift to lower
wavenumbers of the band showing Mg, Ni, Fe-O bonds at the tetrahedral sites with an
increase in x starting from about 550 cm−1 for MgFe2O4 and ending at about 530 cm−1
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for NiFe2O4. The lowering of the vibration frequency can be explained if we consider the
higher atomic mass of Fe, which is 55.845 a.u. compared to the 24.305 a.u. of magnesium.
Heavier iron ions replace magnesium ions at the tetrahedral sites (while nickel ions have a
preference for octahedral sites and replace magnesium and iron ions), causing the vibration
energy to decline and the band to move to lower wavenumbers. The bands showing
metal–oxygen bonds at the octahedral sites are in similar positions, from 414 cm−1 for
MgFe2O4 to 422 cm−1 for NiFe2O4. In MgFe2O4, the partially inverse structure means that
most of the octahedral sites are occupied by Fe ions. With the addition of nickel, for x = 0.7,
0.9 and 1, the structure is completely inverse, and octahedral sites are evenly occupied by
Ni and Fe ions. There is no significant shift due to the interchanging of iron ions with nickel
ions at the octahedral sites, as they have similar ionic radii and atomic masses, 58.7 a.u.
compared to 55.8 a.u., respectively.

3.2. Morphology

Obtained FESEM micrographs are displayed in Figure 4a–c and Figure S1. The synthe-
sized NixMg1-xFe2O4 powders are composed of nanocrystalline particles with a spherical
shape and noticeable agglomeration, similar to published research on magnesium and
nickel spinel ferrites [26,51]. Calcination caused coarsening of the agglomerates in the syn-
thesized powders [52]. As the nickel content was higher, the structure was more compact.
A similar phenomenon was observed for mixed Mg-Co spinel ferrites when the cobalt
amount increased [22]. Strong agglomeration in synthesized powders, especially in the
ones with high nickel content, can be explained by the magnetic nature of the material [53].
A similar phenomenon was noticed in TEM images, where also agglomeration was the
lowest for MgFe2O4 and the highest for NiFe2O4.

Figure 4. FESEM and TEM images of MgFe2O4 (a,d); Ni0.5Mg0.5Fe2O4 (b,e); and NiFe2O4 (c,f).

High-resolution TEM (HRTEM) images of selected areas of MgFe2O4, Ni0.5Mg0.5Fe2O4
and NiFe2O4 individual particles are shown in Figure 5. Analysis of periodic lattice fringes
was performed using fast Fourier transform (FFT) analysis (insets in Figure 5) and revealed
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crystal lattice spacings of the (311), (220) and (111) planes of the cubic spinel phase, mea-
sured as 0.25, 0.29 and 0.48 nm, respectively. Though analysis of XRD diffractograms
showed that the cation (Mg, Ni and Fe) distribution and composition influenced the peak
position, inversion degree and lattice parameter values (Figure 2 and Table 1), it was not
possible to determine noticeable differences in crystal lattice spacing values, but the high
crystallinity degree of the powder samples was confirmed.

Figure 5. HRTEM micrographs of selected MgFe2O4, Ni0.5Mg0.5Fe2O4 and NiFe2O4 particles showing
crystal lattice planes with d-spacing of 0.25, 0.29 and 0.48 nm, confirming the presence of (311), (220)
and (111) crystal faces of the cubic spinel lattice phase.

3.3. Elemental Composition and Surface Analysis

The elemental compositions of MgFe2O4, Ni0.5Mg0.5Fe2O4 and NiFe2O4 were de-
termined by EDX analysis. The results showed that magnesium, nickel and iron were
homogeneously distributed in the Ni5Mg0.5Fe2O4 powder samples (Figure 6a,b). The
carbon present in the sample comes from the process of fuming the sample with carbon
powder to enable the measurement. The silicon in the spectra comes from the supporting
material for the measured samples and as shown in Figure 6b is surrounding the powder
samples. Quantitative elemental analysis was conducted by measuring spectra on sev-
eral points of each material and calculating the average elemental percentage, such as in
Figure 6c for Ni0.5Mg0.5Fe2O4. Elemental quantitative analysis of all three investigated
materials corresponded well to the desired stoichiometry, as presented in Figure 6d. A
slight oxygen deficiency has been noted before in magnesium ferrite and nickel ferrite, and
it may be explained by the abundance of oxygen vacancies which occur throughout the
sol-gel combustion synthesis process and subsequent sintering treatment [54,55].
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Figure 6. (a) SEM micrograph collected on Ni0.5Mg0.5Fe2O4; (b) Elemental mapping of
Mg0.5Ni0.5Fe2O4 inferred from Energy dispersive spectrometry (EDX) coupled to SEM; (c) Selected
area for EDX analysis and (d) Table with quantitative elemental analysis and resulting stoichiometry.

The chemical states of the compositional elements contained in nickel–magnesium
ferrites were analyzed by XPS, as illustrated in the survey scan spectrum in Figure 7. X-ray
photoelectron spectroscopy can examine the elemental composition, oxidation states and
chemical states of the elements in a sample by determining binding energies that correspond
to the specific chemical bonds of present elements [56]. When considering spinel ferrite
systems, XPS peak positions are dependent on cation distribution because the same cations,
depending on their octahedral or tetrahedral coordination (A and B sites), have different
cation–oxygen bond lengths and therefore different bond energies [56]. Because bonds in
an octahedral coordination are longer and weaker than bonds in a tetrahedral coordination,
we expect octahedral bonds to occur at lower binding energy values [57–59].

The Mg 1s peak (Figure 7a) is found at 1306.1 eV for both MgFe2O4 and Ni0.5Mg0.5Fe2O4.
The positions of the peaks indicate that all magnesium ions are in a 2+ oxidation state. The
peak positions are in accordance with the results that were obtained by Mittal et al. [60].
Dhanyaprabha et al. [56] attributed this peak to a purely tetrahedral Mg2+. On the other hand,
Mittal et al. [60] deconvoluted the Mg 1s peak into two components to obtain the distribution
of Mg2+ ions at tetrahedral and octahedral sites. Similarly, we deconvoluted the Mg 1s peak
into 1306.3 and 1305.6 eV (the left, tetrahedral component) and 1304.6 and 1304.2 eV (the
right, octahedral component) for MgFe2O4 and Ni0.5Mg0.5Fe2O4, respectively. The results
show that magnesium ions are coordinated at both tetrahedral and octahedral sites.
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Figure 7. XPS spectra of: (a) Mg 1s, (b) Ni 2p and (c) Fe 2p peaks for the materials MgFe2O4,

Ni0.5Mg0.5Fe2O4 and NiFe2O4, from top to bottom.

The nickel 2p peak is shown in Figure 7b for Mg0.5Ni0.5Fe2O4 and NiFe2O4. Ni 2p
1/2 and 3/2 peaks were identified at 857.1 eV (with its satellite peak at 863.4 eV) and
874.3 eV (with its satellite peak at 880.7 eV), respectively, for Ni0.5 Mg0.5Fe2O4 and at
856.9 eV (satellite 863.5 eV) and 874.5 eV (satellite 880.5 eV), respectively, for NiFe2O4. All
of the peak positions are in accordance with the already published results and originate
from the Ni2+ ion [56,61]. The distance between the main Ni 2p 3/2 peak and its satellite
peak is 6.3 eV for Ni0.5Mg0.5Fe2O4 and 6.6 eV for NiFe2O4. Töpfer et al. [62] attributed the
increase in this distance to more octahedrally coordinated nickel ions and the increase in
inversion degree, which is in accordance with our findings that all additional nickel ions
prefer octahedral sites.

The Fe 3p spectra in Figure 7c show two characteristic doublet peaks, 2p 1/2 and
2p 3/2, along with their satellite peaks. The peaks were fitted, and their positions are
located at 726.2 eV (satellite at 734.0 eV) and 712.5 eV (satellite 719.2 eV), respectively,
for MgFe2O4; 726.4 eV (satellite 733.8 eV) and 712.9 eV (satellite 719.3 eV), respectively,
for Mg0.5Ni0.5Fe2O4; and 726.1 eV (satellite 731.8 eV) and 713.1 eV (satellite 719.9 eV),
respectively, for NiFe2O4. These peaks are attributed to Fe in a 3+ oxidation state [61].
The positions of the peaks are in good agreement with already published results for Fe in
spinels [57].

XPS enables quantitative elemental surface analysis. The results are summarized in
Table 2. Both MgFe2O4 and Mg0.5Ni0.5Fe2O4 show higher Mg/Fe and Mg/Ni ratios than
expected. The Mg/Fe ratio is 2.147 in MgFe2O4 and 0.6 in Mg0.5Ni0.5Fe2O4. The Mg/Ni
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ratio is 7.6 in Mg0.5Fe0.5Fe2O4, while the Ni/Fe ratio in NiFe2O4 is 0.58, which is close to
the expected stoichiometric ratio of 0.5. The differences between values obtained by XPS
and the expected stoichiometric values can be attributed to the fact that only the first 10 nm
of surface are analyzed by XPS, which shows different values than the bulk material. The
magnesium-rich surface has already been noted in the literature [56,60], and it is explained
by the higher Mg2+ ion mobility [9].

Table 2. Quantitative surface elemental analysis obtained by X-ray photoelectron spectroscopy.

El. MgFe2O4 (%) Ni0.5 Mg0.5Fe2O4 (%) NiFe2O4 (%)

Mg 23.4 9.9 /

Ni / 1.3 13.1

Fe 10.9 72.4 22.3

C 3.3 / 8.9

O 62.4 16.4 55.7

3.4. Temperature Sensing

In the measured temperature range (30–90 ◦C) at a set RH of 40% for all analyzed
NixMg1-xFe2O4 thick film samples except pure NiFe2O4, we noted a noticeable decrease of
DC resistance with an increase in temperature, indicating that nickel–magnesium ferrites
show NTC thermistor properties. An example of the change of normalized electrical
resistance for samples of Ni0.7Mg0.3Fe2O4, Ni0.5Mg0.5Fe2O4 and Ni0.1Mg0.9Fe2O4 is shown
in Figure 8. The results show that the degree of change depended on the composition
(Ni content). For pure NiFe2O4 the change of resistance with temperature was small.
This is probably due to the fact that we obtained p-type nickel ferrite rather than n-type,
which influences the materials’ conductivity. According to Sutka et al. [63] nickel ferrite
with an inverse spinel structure is commonly p-type. With an increase in environmental
temperature, the resistance of NTC thermistors decreases in accordance with the Arrhenius
equation [15]:

R = R∞e
B
T (1)

where B is the B-value, a material constant that describes the resistance change; R∞ is the
resistance at infinite temperature; and T is the measured temperature. The slope of the
linear fit of the graph of ln R = f(1/T) represents the B-value (as shown in the example
given in the inset in Figure 8), which should be 2000–5000 K in order to be adequate for
use in temperature sensors [15]. The calculated B30/90 values for the synthesized nickel–
magnesium ferrites are shown in Table 3.

Table 3. Material constant (B30/90), temperature sensitivity (α), activation energy for conduction (Ea)
and activation energy for the relaxation process (Er).

Sample B30/90 (K) α (%/K) Ea (eV) Er (eV)

MgFe2O4 3426 −3.73 0.343 0.306

Ni0.1Mg0.9Fe2O4 3747 −4.08 0.347 0.319

Ni0.3Mg0.7Fe2O4 3177 −3.46 0.308 0.286

Ni0.5Mg0.5Fe2O4 2849 −3.10 0.294 0.263

Ni0.7Mg0.3Fe2O4 2218 −2.41 0.246 0.211

Ni0.9Mg0.1Fe2O4 1348 −1.47 0.119 0.039

NiFe2O4 / / / /
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Figure 8. Change of DC resistance of Ni0.7Mg0.3Fe2O4, Ni0.5Mg0.5Fe2O4 and Ni0.1Mg0.9Fe2O4

in the temperature range of 30–90 ◦C; inset represents estimation of the material constant for
Ni0.7Mg0.3Fe2O4.

The obtained values varied with the nickel content, and except for Ni0.9Mg0.1Fe2O4
and pure nickel ferrite, these values were within the range used in commercial NTC bulk
ceramics (2000–5000 K), showing that magnesium ferrite and nickel–magnesium ferrites
can be applied in temperature sensing as NTC materials [15]. The highest material constant
B30/90 was obtained for Ni0.1Mg0.9Fe2O4 as 3747 K, followed by pure magnesium ferrite
with a B30/90 of 3426 K. The temperature sensitivity at room temperature (30 ◦C) was
determined as α = 1/R·dR/dT = −B/T2, and the obtained values are shown in Table 3.
For Ni0.1Mg0.9Fe2O4 we obtained α = −4.08%/K, and this value is comparable with com-
mercial NTC devices (−4%/K). This confirms the potential for applying Ni0.1Mg0.9Fe2O4
in temperature sensing, especially as these values were obtained for thick film samples
composed of synthesized powder with no high-temperature treatment, thus enabling future
application in flexible electronics where only low-temperature treatment of the sensing
layer is possible [64].

Further research will involve investigating the aging and resistivity of these materials,
as these parameters are also of great significance when selecting NTC thermistor materials
for temperature sensing [65].

Analysis of the measured impedance for all samples showed a decrease of impedance
with an increase in frequency and also with an increase in temperature, as shown in
Figure 9a for Ni0.7Mg0.3Fe2O4. The change of impedance with temperature corresponded
to the change of DC electrical resistance, so it reduced with increasing nickel content in
nickel–magnesium ferrites. The measured complex impedance spectra (Figure 9b) were
analyzed using an equivalent circuit (shown as inset in Figure 9b) consisting of a parallel
resistance and constant phase element (CPE), reflecting the influence of both grain and grain
boundary components and non-ideal Debye capacitance behavior [66,67]. The temperature
dependence of the determined resistance was analyzed using the small-polaron hopping
(SPH) model as described in [68]:

R
T

= A0e
EA
kT (2)
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where A0 is the pre-exponential factor, k is the Boltzmann constant, and EA is the activation
energy for conduction. The obtained values for the activation energy for conduction are
given in Table 3. We can see that the activation energy values vary in relation to the nickel
content and decrease with an increase of nickel in nickel–magnesium ferrite samples. The
highest value was obtained for Ni0.1Mg0.9Fe2O4, again confirming that a small amount
of added Ni improved the temperature-sensing properties of magnesium ferrite. The
determined relaxation time also has an Arrhenius dependence on temperature [68]:

τ = τ0e
Er
kT (3)

where τ0 is the pre-exponential factor, k is the Boltzmann constant, and Er is the activation
energy for the relaxation process at grains and grain boundaries. The values obtained for
the activation energy for the relaxation process are given also in Table 3. The highest value
was obtained for Ni0.1Mg0.9Fe2O4.
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Figure 9. Change of impedance component (a) and complex impedance (b) with the change in
temperature at a constant RH of 40% for Ni0.7Mg0.3Fe2O4.

3.5. Humidity Sensing

Porous semiconducting materials can be used for sensing changes in ambient relative
humidity (RH). The principle lying behind the sensing properties is the adsorption of water
molecules on the surface of the material. Active sites on the metal oxide surface retain
water molecules during humidity exposure. A detailed scheme of the humidity detection
mechanism is shown in Figure 10. When the RH is low, water molecules interact with
the porous sample surface by forming a chemisorbed layer on the sample surface. Water
first dissociates to a hydroxyl that is firmly attached to the surface. The interaction energy
is high, and significant energy is required for proton hopping. As the RH increases, a
physisorbed layer of double hydrogen-bonded water molecules is formed, followed by
further single hydrogen-bonded physisorbed layers. In the layers of the adsorbed water,
the high mobility of water molecules and the Grotthus chain reaction cause low energy for
proton hopping, increased conductivity and a decrease in the impedance value when the
RH is high [66,69].

In the case of nickel–magnesium ferrites, all of the synthesized samples were tested at
a constant temperature of 25 ◦C (room temperature). With an increase in relative humidity
from 40% to 90%, there is a noticeable decrease in the impedance and complex impedance
magnitude in each of the synthesized materials, as shown in Figure 11 for Ni07Mg0.3Fe2O4.
The impedance of pure MgFe2O4 decreased 277 times with an RH increase from 40% to
90%, which corresponds well to and is higher than in the research of Jeseentharani et al. [70],
in whose case the impedance of MgFe2O4 in the form of pellets decreased 230 times from
5% to 98% RH.
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Figure 10. Scheme of the humidity detection mechanism.

Figure 11. Change of impedance with frequency (a) and complex impedance (b) in the RH range of
40–90% for Ni0.7Mg0.3Fe2O4.

The impedance decreased also with an increase in frequency (Figure 11a), and the
change of the impedance with frequency is larger in the lower frequency range. We selected
100 Hz as the working frequency, and this is commonly the case for humidity sensing with
metal oxides [71]. The complex impedance consisted of one semicircle, which can be noted
in Figure 11b, and this can be attributed to overlapping dielectric relaxation processes due
to highly conducting grains and the resistive nature of grain boundaries [72]. The semicircle
magnitude decreases with an increase in RH due to the increase in ionic conductivity in
accordance with the humidity-sensing mechanism of metal oxides [66]. The small tail at
high RH of 80 and 90% (seen in the inset in Figure 11b) has been noted before for spinel
metal oxides and can be attributed to a charge diffusion process [67].

The change of impedance with RH at the frequency of 100 Hz is shown in Figure 12a.
Magnesium ferrite and nickel–magnesium ferrites with varying nickel contents show a
similar trend of impedance decrease with an increase in RH, with a rapid decrease in
impedance as soon as the RH starts to increase from RH 40–70%, while the curve shape
for nickel ferrite is different, and the impedance decreases only slightly until RH 70% and
then more noticeably only in the high RH range of 70–90%. This difference is due to the
different conducting mechanisms of p-type nickel ferrite and n-type magnesium ferrite
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and nickel–magnesium ferrites with varying nickel contents [63]. A lower impedance in
MgFe2O4 compared to NiFe2O4 is also seen in [73].
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Figure 12. Impedance change with the relative humidity at 100 Hz for NixMg1-xFe2O4 (a); sensitivity
change with relative humidity at 100 Hz (b).

Sensitivity S1, calculated as:

S1 =
Zmax−Z

Zmax
(4)

is the parameter that shows how the impedance is changing in comparison to the starting
value (Zmax). Calculated values are shown in Figure 12b. The greatest change in absolute
impedance value can be attributed to MgFe2O4 (where it changes from 29.3 MΩ at 40% to
110 kΩ at 90%). All of the synthesized materials except nickel ferrite showed sensitivity
S1 values of nearly 100% and a similar trend, while the highest sensitivity of 99.4% is noted
for Ni0.1Mg0.9Fe2O4 (where it changes from 25.3 MΩ at 40% to 40 kΩ at 90%); a value of
99.82% is noted for Ni0.5Mg0.5Fe2O4 (where it changes from 28 MΩ at 40% to 50 kΩ at
90%). The most rapid changes of sensitivity for RH in the range of 40–60% were noted for
Ni0.1Mg0.9Fe2O4 and Ni0.3Mg0.7Fe2O4.The dissimilar and lower sensitivity of nickel ferrite
can be explained by the differences due to p-type conductivity when cation vacancies are
present due to oxygen attraction during the calcination/heating process [63,74].

Another sensitivity/sensor response parameter that is used to characterize the humid-
ity response is S2 = ΔZ

ΔRH , and it presents the ratio between the change of sensor impedance
and the RH at 100 Hz [16,66]. The sensitivity value changed depending on the RH hu-
midity region, in accordance with the humidity-sensing mechanism, as shown in Table 4.
For magnesium ferrite and nickel–magnesium ferrites with varying nickel contents, the
sensitivity was higher in the lower RH range, and this can be linked to the porous surface
of the spinel ferrite thick film. The highest sensitivity towards change in the RH was shown
by Ni0.1Mg0.9Fe2O4, with an average sensitivity of 922.6 kΩ/%RH.

Table 4. Sensitivity of NixMg1-xFe2O4 samples in the RH range of 40–90%, calculated as ΔZ/ΔRH.

ΔRH (%)
ΔZ/ΔRH (kΩ/%RH)

Ni0.9Mg0.1Fe2O4 Ni0.7Mg0.3Fe2O4 Ni0.5Mg0.5Fe2O4 Ni0.5Mg0.5Fe2O4 Ni0.1Mg0.9Fe2O4 MgFe2O4

10 925 980 1083 1163 1530 958

20 908 910 1078 870 1131 1038

30 541 712 860 630 820 905

40 568 562 682 483 627 719

50 465 457 560 389 505 583

average 681.4 724.2 852.6 707 922.6 840.6
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Table 5 shows a comparison between the resistance/impedance values in the measured
RH range and the sensitivity values determined for different metal oxide humidity sensors
in the available literature. The sensing material developed in this work shows good
sensitivity and impedance reduction in the analyzed RH range, comparable with other
humidity-sensing metal oxides.

Table 5. Literature comparison of humidity sensing metal oxides.

Sensing Material Impedance/Resistance Change Sensitivity Ref.

ZnFe2O4, solid-state synthesis, pellets 43935 MΩ (RH 5%)–15 MΩ (RH 98%), R 2895 (R5%/R98%) [70]
CuFe2O4 solid-state synthesis, pellets 1930.9 MΩ (RH 5%)–7.22 MΩ (RH 98%), R 267 (R5%/R98%) [70]
CoFe2O4 solid-state synthesis, pellets 1506.8 MΩ (RH 5%)–5.8 MΩ (RH 98%), R 260 (R5%/R98%) [70]
NiFe2O4 solid-state synthesis, pellets 2907.5 MΩ (RH 5%)–11.6 MΩ (RH 98%), R 249 (R5%/R98%) [70]
MgFe2O4 solid-state synthesis, pellets 26452 MΩ (RH 5%)–114.8 MΩ (RH 98%), R 230 (R5%/R98%) [70]

MgFe2O4, RF sputtered thin film, calcined at 800 ◦C 1012 Ω (RH 10%)–109 Ω (RH 90%), R 20.888 (R10%/R90%) [75]
NiFe2O4, solid-state synthesis, pellets 4.07 MΩ (RH 15%)–32.5 kΩ (RH 85%) Z at 2.5 kHz 57.6 kΩ/% RH [76]

MgFe2O4-Fe2O3-SnO2 composite, solid-state
synthesis, pellet 26.1 MΩ (RH 30%)–1.77 MΩ (RH 90%), Z at 105 Hz 391 kΩ/% RH (RH 30–90%) [77]

MnZn ferrite, thin film −83 kOm RH (30%)–53 kOm (RH 90%), R 1.54%/% RH [78]
Mg0.2Zn0.8Fe2O4, coprecipitation synthesis, thick film 3100 MΩ (RH 30%)–600 MΩ (RH 95%), R 60 MΩ/% RH (RH 30–90%) [79]
NiMn2O4 synthesized by electrospinning, thick film 31 MΩ (40% RH)–8.8 MΩ (90% RH), R 327.36 kΩ/% RH (RH 40–90%) [66]

MgFe2O4, sol-gel synthesis, thick film 29.3 MΩ (RH 40%)–110 kΩ (RH 90%), Z at 100 Hz 840.6 kΩ/% RH (RH 40–90%) This work
Ni0.1Mg0.9Fe2O4, sol-gel synthesis, thick film 25.3 MΩ (RH 40%)–40 kΩ (RH 90%) Z at 100 Hz 922.6 kΩ/% RH (RH 40–90%) This work

The response time of a sensor can be measured as the time the sensor needs to reach
90% of the total response when subjected to a specific relative humidity value, while the
time required to go back to 90% of the starting signal can be defined as the sensor recovery
time. We measured this at 100 Hz with the thick film sensor at room temperature and
ambient humidity (estimated at RH 45%) and exposed it to an RH of 90% in the humidity
chamber, as shown in Figure 13 for Ni0.1MgFe2O4. The average response time was about
20 s, while the average recovery time was about 45 s. There was no noticeable drift in the
signal. Similar results were obtained for the other nickel–magnesium ferrite samples and
for magnesium ferrite.
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Figure 13. Response and recovery times obtained for Ni0.1Mg0.9Fe2O4 in the RH range of 45–90% at
the working temperature of 25 ◦C.

The results obtained both for temperature and humidity sensing of Ni0.1Mg0.9Fe2O4
show that this sensing material has potential as a multifunctional material for both temper-
ature and humidity sensing.

4. Conclusions

Through sol-gel combustion synthesis with citric acid as fuel and subsequent cal-
cination (annealing) at 700 ◦C, we successfully synthesized magnesium–nickel spinel
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ferrites, NixMg1-xFe2O4 (0 ≤ x ≤ 1). The obtained materials showed a partially or com-
pletely inverse cubic spinel structure, nanocrystalline but agglomerated particles and a
magnesium-rich surface. All of the synthesized materials showed a response to changes
in ambient temperature and humidity, with resistive properties decreasing with increases
in relative humidity and temperature. Good sensitivity values were obtained for magne-
sium ferrite and nickel–magnesium ferrites, while nickel ferrite showed a different kind
of conduction mechanism and therefore lower sensing performances. The best response
toward temperature and relative humidity changes was shown by Ni0.1Mg0.9Fe2O4. The
obtained results comprehensively indicate that doping magnesium ferrite with nickel in
small amounts, x = 0.1, increases the activation energy for conduction and enhances the
conductivity, which enables a better temperature- and humidity-sensing performance of
Ni0.1Mg0.9Fe2O4.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors11010034/s1, Figure S1: FESEM images of NixMg1-xFe2O4
(0 ≤ x ≤ 1).
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Abstract: This paper presents the results of studying the characteristics of hydrogen sensors based on
thin In2O3 films modified with tin and dysprosium with dispersed double Pt/Pd catalysts deposited
on the surface. To control the content of Sn and Dy in the films, an original technology was developed,
and ceramic targets were fabricated from powders of the In–Dy–O, Dy–Sn–O, and In–Dy–Sn–O
systems synthesized by the sol–gel method. Films of complex composition were obtained by RF
magnetron sputtering of the corresponding targets. Structural features of the obtained thin films
were studied by Raman spectroscopy. It is shown that various combinations of tin and dysprosium
concentrations, as well as the presence of Pt/Pd catalysts on the surface, have a significant effect on
the defectiveness of the films and the density of oxygen adsorption centers. As a result, the resistance
of sensors in pure air (R0), the activation energies of the temperature dependences of R0, the bending
of the energy bands at the grain boundaries of the semiconductor, and the responses to the action of
hydrogen in the concentration range of 20–25,000 ppm change. A unique feature of Pt/Pd/ In2O3:
Sn (0.5 at%), Dy (4.95 at%) films is their high sensitivity at 20–100 ppm and the absence of signal
saturation in the region of high hydrogen concentrations of 5000–25,000 ppm, allowing them to be
used to detect H2 in a wide range of concentrations.

Keywords: thin films; indium oxide; tin; dysprosium; chemoresistive gas sensors; Raman spectroscopy;
ceramic targets; hydrogen sensors

1. Introduction

Since the 1960s, transparent conducting oxides have been widely used for optoelectronic
applications [1–3]. Tin-doped indium oxide (ITO) is one of themost important transparent
conductive oxides for such applications. To date, ITO has the best combination of characteristics
in terms of electrical conductivity and optical transmission. Low resistance
(about 1–2 × 10–4 Ω·cm) and a high concentration of charge carriers (about 1 × 1020 cm–3),
together with high transparency in the visible range (about 90%) [4], make it possible to
widely use ITO in photovoltaics and solar cells, spintronics, electrochromic devices, OLED
and LSD displays, touch screens, biosensors, transparent heaters, and chemoresistive gas
sensors [5–7].

The technology for producing ITO films is well developed. The films are stable,
reproducible, and have good surface morphology. Therefore, ITO is an attractive material
for creating new materials on its basis and expanding the field of application. Films based
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on indium oxide are promising for resistive gas sensors. To create high-speed, highly
sensitive sensors with low power consumption and high stability of parameters during
operation, it is necessary to introduce catalytic additives into the volume and deposit them
onto the surface. The effectiveness of such an approach was demonstrated experimentally
in a number of studies conducted on films with thicknesses >500–1000 nm obtained by thick-
film technologies modified with oxides of transition metals [8–13] and Dy [14]. In [14], 5%
Dy3+ doped In2O3 nanoparticles were prepared by the hydrolysis-assisted co-precipitation
method, using dysprosium nitrate. X-ray diffraction (XRD) revealed that the synthesized
nanoparticles have a cubic bixbyite phase and that the addition of Dy3+ as a dopant
noticeably enhanced the sensing response of In2O3 to ethanol.

The published information on the properties of structures based on SnO2 with rare
earth elements (PEEs) is also limited and usually refers to samples obtained by using
thick-film technology [15–19]. The introduction of the rare earth elements Nb, Ce, La, Y,
and Dy or their oxides during the synthesis of SnO2 films was used to control the crystallite
size and gas-sensitive properties of sensors. As a rule, no phases of oxides of REEs are
detected in the films. During thermal annealing, additives segregate on the surface of
microcrystals in the form of ions, such as Y3+, Dy3+, etc.

The industrial production of gas sensors requires the development of a technology
that includes the magnetron sputtering of targets of complex composition to obtain thin-
film sensors with additives of noble, 3d, and rare earth metals. In combination with
microelectronic technology in one technological cycle, it is possible to obtain a large number
of miniature sensitive elements with identical characteristics. In the patent [20], Kazuyoshi
Inoue et al. state that the introduction of one of the lanthanides (La, Nb, Sm, Eu, Gd, Dy,
Ho, Er, Tm, Yb, and Lu) into the In2O3 film, which is part of the TFT field-effect transistors,
allows us to control the characteristics of the device through a smooth change in the film
conductivity and free charge carriers’ mobility and also to stabilize the device parameters.
The oxide semiconductor film obtained in [20] by the DC sputtering method contained
indium and at least one of the following elements: gadolinium, dysprosium, holmium,
erbium, and ytterbium. The X-ray diffraction of the film showed only a peak obtained from
a compound of bixbyite structure.

Previously, we carried out detailed research aimed at the developing an original
technology for producing gas sensors by DC sputtering of mosaic metal targets in oxygen-
argon plasma in an A 500 (Edwards) magnetron. The doping additives were applied to
the surface of the targets. The theory and mechanisms of operation of sensors based on
SnO2 and WO3 thin films with various catalysts in the bulk (Pt, Au, Ni, Co, Y, and Sc)
and on the surface (Pt, Pd, and Au) were developed [21–25]. The paper [21] presents the
results of an investigation of the nanostructure, element, and phase composition of thin
(100–140 nm) tin dioxide films containing Ag, Y, Sc, Ag + Y, and Ag + Sc additives in the
bulk and catalytic Pt/Pd clusters on the surface. The methods of atomic-force microscopy
(AFM), scanning Auger microprobe equipped with an Ar+ ions sputtering system (AES),
and X-ray photoelectron spectroscopy (XPS) were used. Sensors based on Pt/Pd/SnO2: Sb,
Ag, Y films were characterized by ultrahigh response values at 50–1000 ppm of H2 and the
stabilization of parameters during long-term tests. The mechanisms of the influence of PEE
impurities on the characteristics of thin films of tin dioxide are considered.

In this work, the structural, electrophysical, and gas-sensing properties of thin (about
100 nm) In2O3 films were studied. The films were obtained via the RF magnetron sputtering
of specially designed original oxide targets with various contents of tin and dysprosium.
The dispersed Pt and Pd catalysts were deposited on the surface of the targets. Raman
spectroscopy was used to characterize the nanosized films. This is the only method to
analyze thin films directly in the miniature sensors. It provides important information
about film defects. The Raman spectra of bulk materials differ greatly from those of
polycrystalline samples, where the size of particles (grains, agglomerates, clusters, etc.)
lies in the nanometer range and the classical modes shift and expand. Doping with
impurities and the deposition of dispersed catalyst clusters on the film surface can lead
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to the appearance of additional peaks and a change in the shape of the spectrum. Of
particular interest is the prospect of creating semiconductor sensors for high pre-explosive
concentrations of hydrogen that are not available on the market.

2. Materials and Methods

Ceramic targets (CTs) were fabricated by uniaxial static pressing of In2O3, SnO2, and
Dy2O3 powder compacts on a PLG 12 hydraulic press (LabTools, Saint Petersburg, Russia)
at a pressure of 1500 atmospheres. The targets were sintered in a muffle furnace in an
air atmosphere at 1000 ◦C for 1 h. When obtaining powders for compaction, a chemical
method was used based on the co-deposition of metal hydroxides by neutralizing solutions
of their salts with an alkaline agent, washing of the obtained precipitation of hydroxides,
filtering them, drying, and thermal destruction. All reagents were of special-purity grade.
The application of this method to obtain powders of mixed oxides of indium, tin, and
dysprosium is described in [26].

The targets were 75 mm in diameter and 6 mm thick. The 150 μm thick sapphire plates
were used as the substrates. The deposition of thin films of modified In2O3 was carried
out by RF magnetron sputtering in an A-500 magnetron (Edwards, Burgess Hill, UK) at
a discharge power of 100 W. The working gas contained 56 ± 0.5 vol.% of oxygen, and
the rest was argon. The pressure in the chamber was within (6.5 – 7) × 10−3 mBar. The
target-substrate distance was 90 mm. For 100 nm thick films, the sputtering time was 30 min.
Two-layer Pt/Pd catalysts were deposited on the surface of the films by DC magnetron
sputtering. First palladium was deposited and then platinum was deposited (each layer
was deposited for 15 s).

Contacts to the sensitive In2O3 layers (Figure 1a) and a heater on the reverse side
of the substrate (Figure 1b) were formed via the sputtering of platinum, followed by
photolithographic engraving prior to the deposition of semiconductor films. After the
formation of the films, the finished samples were subjected to technological annealing in
air at a temperature of 720 K for 24 h. Up to 500 sensors were obtained on one substrate
with a diameter of 30 mm. Then the samples were cut into individual elements, 0.7 × 0.7 mm2

in size (sensitive area of 0.3 × 0.3 mm2), and gold electrical wires measuring 50 μm in diameter
were welded to the contact pads of the sensors by thermal compression. Next, the sensors were
assembled into TO-8 cases (Figure 1c).

(a) (b) (c) 

Figure 1. SEM images obtained in the backscattering (BSE) mode: the sensitive element from the side
of (a) semiconductor SnO2 layer and (b) heater. Sensors assembled into TO-8 cases (c): 1—sensitive
layer; 2—Pt electrodes; 3—sapphire substrate; and 4—Pt heater.
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Let us introduce the following numbering and notations for films of various compositions:
(I) In2O3 (90 at%): Sn (10 at%).
(II) Pt/Pd/In2O3 (90 at%): Sn (10 at%).
(III) Pt/Pd/In2O3 (86 at%): Sn (10 at%), Dy (4 at%).
(IV) Pt/Pd/In2O3 (94.05 at%): Sn (1 at%), Dy (4.95 at%).
(V) Pt/Pd/In2O3 (94.55 at%): Sn (0.5 at%), Dy (4.95 at%).
(VI) Pt/Pd/In2O3 (97 at%): Sn (1 at%), Dy (2 at%).
The Raman spectra of the films were measured on an inVia Basic confocal Raman

spectrometer (Renishaw, Wotton-under-Edge, UK), operating in the backscattering mode
at room temperature. The laser excitation wavelength was 785 nm (details of the research
technique are presented in [23,24]).

To determine the sensor characteristics, the resistance (R0) and conductivity (G0) of the
films were measured in pure air. The values of R1(G1) were also measured under various
hydrogen concentrations, depending on the operating temperature in the constant and
pulsed heating modes. The relative humidity in the chamber was maintained at the level
of RH = 35%. The ratio of conductivities, G1/G0, was taken as the adsorption response to
hydrogen. The settling time of 0.9 Gst, where Gst is the stationary value of the conductivity,
was taken as the response time, tr. Based on the time dependences of the conductivity of
sensors in the thermal cycling mode in pure air, the values of the energy band bending,
eϕs, at the grain boundaries in the studied nanocrystalline films were measured by using
the method developed in [25]. The measuring stand and measurement techniques are
described in [22]. The principle of operation and the theory of thin-film gas sensors are
presented in [22–25].

3. Results and Discussion

3.1. Raman Spectra of Pt/Pd/In2O3: Sn, Dy Films of Various Compositions

The crystallographic structure of In2O3 belongs to the cubic system, the structure of
bixbyite [27,28]. A complete description and identification of the Raman spectrum, even
for undoped In2O3, is still being researched. At room temperature, no more than 10 modes
can be observed, with all peaks in the range of 100–650 cm–1 [27–30]. In most cases, the
following peaks are present in the Raman spectra of In2O3: 109, 132, 307, 366, 497, 517,
and 630 cm−1. These are approximate values since their positions vary depending on the
methods of obtaining the metal oxide and the measurement technique.

Figure 2 shows the Raman spectra of all compositions of the obtained films, as well
as the spectra of SnO2 and In2O3 powders. The spectra of the powders, in principle,
only slightly differ from those given in the literature for coarse-grained samples (bixbyite
structure) [27–30]. In the case of In2O3 modified with Sn and Dy, broad bands with a
number of maxima are observed in the range of 200–800 cm–1. Similar bands observed
for many nanostructured metal oxide films are attributed to dimensional effects [30–33].
The intensities of all modes are higher for films of Composition (V) containing 4.95 at%
dysprosium. The low-frequency Ag modes appear as broadened bands at 100–170 cm–1, with
a maximum-intensity peak at 119 cm–1, as well as a peak at 299 cm–1 shifted by 8 cm–1 relative
to 307 cm–1. Two modes, F2g at 213 and 366 cm–1, are most noticeable for the samples of
Composition (VI). The intense peak at 630 cm–1 inherent in indium and tin oxides (visible
in the spectra of the corresponding powders) is weakly manifested only in the spectrum of
samples from Series (VI) with a reduced content of Dy (2 at%) and a higher Sn content (1 at%).
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Figure 2. Raman spectra of obtained films and powders.

A feature of the Raman spectra of the studied films is the presence of high-frequency,
low-intensity peaks at 565 and 590 cm–1, as well as a strongly pronounced peak at 648 cm−1

having the highest intensity for films from Series (III) to (V). These three peaks are not
typical of In2O3. Previously [23,24], we showed that the Raman spectra of thin films of tin
dioxide with dispersed Pt/Pd catalytic layers deposited on the surface also exhibit maxima
at 565 and 590 cm–1. Upon the introduction of 13–14 at% Pt into the bulk of SnO2, the
Raman spectra show an intense peak with a maximum at 590 cm–1 [23]. A detailed analysis
of the experimental data showed that two states of platinum are present in tin dioxide:
three-dimensional particles of metallic Pt0, which is not active in the Raman spectra, and
an intermediate oxide PtO. This oxide is identified as two-dimensional dispersed platinum
in the Pt2+ state responsible for the maximum at 590 cm−1. The maximum at 565 cm–1

corresponds to the similar state of Pd2+. The intense peak at 648 cm–1, the broadening of
the low-frequency band, and the shift of the maximum to 119 cm–1 are apparently due to
the presence of dysprosium.

According to [34], REEs are characterized by higher energies of breaking the bonds
with oxygen compared to tin and indium: ΔHo298 = 171 kcal/mol for Y–O,
ΔHo298 = 161 kcal/mol for Sc–O, ΔHo298 = 144 kcal/mol for Dy–O, ΔHo298 = 76 kcal/mol
for In–O, and ΔHo298 = 127 kcal/mol for Sn–O. It was suggested [21] that during heat
treatment of the tin dioxide thin films obtained by magnetron sputtering, yttrium and
scandium atoms segregate on the surface of microcrystals, form strong bonds with the
lattice oxygen, and are present in the form of Y+3 and Sc+3 ions. Similar phenomena can
also take place under the modification of indium oxide with dysprosium. As a result of
formation of a bond of Dy with lattice oxygen, the surface density of superstoichiometric
indium and, possibly, tin atoms, which are centers of oxygen chemisorption, increases. The
REE impurity ions can serve as catalysts on the surface of microcrystals to create additional
active centers and increase sensitivity to hydrogen [21], ethanol [14], methanol [15], and
acetone [18].

3.2. Electrical and Gas-Sensitive Properties of Sensors

Oxygen chemisorption occurs on the surface of the indium oxide thin films in the
atmosphere. In the near-surface layer of the semiconductor, a space charge region (SCR) of
width d0 depleted by electrons is formed, and the film conductivity decreases. During the
dissociative adsorption of hydrogen on the surface of a thin-film sensor based on In2O3,
atomic hydrogen interacts with a pre-chemisorbed oxygen ion, O−. The reaction product is
water, which is desorbed from the surface, and the electron returns to the conduction band
of the semiconductor. The conductivity of the sensor increases. The response value, G1/G0,
is determined by the density of oxygen adsorption centers, Ni. The centers of adsorption
are superstoichiometric atoms of indium and other metals present on the surface [22]. An
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important role is played by the nanocrystalline structure and the ratio between the doubled
SCR width, 2d0, and the thickness of the films (or conduction bridges, dB).

An analysis of the experimental data shows that the characteristics of the studied
films depend significantly on the ratio of the Sn and Dy concentrations in the bulk and the
presence of Pt/Pd catalysts on the surface. Sn4+ ions substitute In3+ ones in the bulk and
are donor impurities. As a result, the resistance of films of Composition (I) containing 10 at% Sn
in pure air is R0 = 0.11 kΩ (Table 1). The deposition of dispersed Pt/Pd catalysts in the case of
samples of Composition (II) promotes the active adsorption of oxygen in the form of O− on
the surface and some increase in the SCR width and R0. The introduction of a Dy impurity
(Composition (III)) into the bulk of In2O3 leads to a further increase in R0. The maximum
values of R0 are observed for the sensors of Compositions (IV) and (V), in which the Sn
concentration is reduced to 0.5–1 at% and the Dy content is 4.95 at%. A decrease in the
concentration of dysprosium to 2 at% (Composition (VI)) contributes to the decrease in R0.
The effect of the dysprosium impurity on the resistance of the films agrees with the features
of the Raman spectra and confirms the assumption about the formation of strong bonds
between Dy+3 ions and lattice oxygen. In this case, the density of chemisorbed oxygen
on the film surface increases, and this contributes to the increase of the SCR width and
resistance, R0.

Table 1. Sensor resistances in pure air (R0) measured at 300 K; activation energies ΔE1 and ΔE2 of
temperature dependences of R0; operating temperatures, Tmax, at which maximum responses to 100 ppm
of H2 are observed; and response time, tr, at 670 K.

Sample R0, kΩ ΔE1, eV ΔE2, eV Tmax, K tr, s

(I) 0.11 0.007–0.009 0.030–0.048 820 16
(II) 0.46 0.013–0.014 0.071–0.075 740 18
(III) 2.13 0.019–0.022 0.18–0.19 720 15
(IV) 694 0.09–0.18 0.38–0.46 640 24
(V) 803 0.044–0.15 0.58–0.61 540 30
(VI) 9.9 0.02–0.03 0.35–0.42 640 24

The temperature dependences of the film resistance in pure air are N-shaped (Figure 3a),
which is characteristic of thin tin dioxide films modified with the various impurities studied
earlier [22]. These dependences are determined by three independent parameters: the
concentration and mobility of electrons in the bulk of the film and the negative charge
density on the surface. Upon heating from room temperature to 470–500 K, the resistances
of all the studied samples decrease mainly due to the ionization of shallow and deep centers
in the bulk of the films, and the dependences lnR0 on 1000/T can be approximated by
Arrhenius curves. It can be seen that the Arrhenius curves contain two linear sections,
the activation energies of which ΔE1 and ΔE2 depend on the concentration of impurities
and deposited catalysts (Table 1). In the samples of Compositions (I)–(III), characterized
by low d0 and R0, mainly centers with low ionization energies are found. As the SCR
width increases in case of films of Compositions (IV)–(VI), the Fermi level decreases with
increasing temperature, and the ionization of deeper centers occurs.
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(a) (b) 

Figure 3. Temperature dependences of sensors of various compositions: resistance, R0, in pure air (a);
and sensor response to 100 ppm H2 (b).

An increase of the resistance (R0) at T > 470 K and its decrease at ≥700 K (Figure 4a)
are determined by an increase and subsequent decrease in the density of the negative
charge on the surface of the semiconductor. The dependences of the adsorption response
on the operating temperature for all the studied films have the form of curves with a
maximum at Tmax (Figure 3b and Table 1). With increasing temperature, the response
increases when atomic hydrogen interacts with chemisorbed oxygen in the form of O−, the
density of which increases in the temperature range 400–700 K. The decrease in response at
T > 540–700 K is due to the predominant desorption of gas from the overheated surface of
the sensitive element. As a rule, higher values of Tmax = 720–820 K are observed for films
of Compositions (I)–(III). Subsequently, the measurements of the characteristics of sensors
were carried out at 670 K, since at this temperature, there is an optimal ratio between the
sufficiently high response values and the performance: the response time, tr, does not
exceed 30 s.

 
(a) (b) 

Figure 4. Concentration dependences of the response to H2 measured at 670 K for sensors of different
compositions: Composition (V) (a); Compositions (IV) and (VI) (b). The inset shows the region
G1/G0~exp[eϕs].

Figure 4 shows the concentration dependences of the response to hydrogen for the
sensors of Compositions (IV)–(VI) measured in the constant heating mode at 670 K. In all
cases, exponential segments, G1/G0 ~ exp [n], are observed in the concentration range of
20–1500 ppm of H2 (it is shown in the inset in Figure 4a). In this case, we can assume that
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the characteristics correspond to a model considering the existence of Schottky barriers at
intergrain boundaries [22]. It is possible that H atoms produced due to the dissociative
adsorption of H2 can penetrate into the intergrain boundaries and affect the potential
barrier height, eϕs. Then G1/G0 ~ exp[eϕs]. At n > 1500 ppm, a power dependency is
realized. A predominant role is played by the over-barrier component of conductivity.

Of particular interest are the data for the films of Composition (V) Pt/Pd/ In2O3
(94.55 at%): Sn (0.5 at%), Dy (4.95 at%) (Figure 4a), whose unique feature is the absence
of saturation with an increase in the concentration of H2 up to high values of 25,000 ppm.
In this case, G1/G0 reaches 2400–2500. Therefore, for these sensors, there is an unusually
high density of hydrogen adsorption centers. For the sensors of Compositions (IV) and (VI)
(Figure 4b) at n = 10,000–25,000 ppm, the values of G1/G0 increase insignificantly; that is,
the density of the adsorption centers is lower.

Since in case of the studied sensors based on modified indium oxide, the over-barrier
component of conductivity is predominant under the action of hydrogen, the above method
for determining eφs can be used. Based on the results of preliminary studies, the following
thermal cycling modes were chosen: in the heating cycle, the temperature T1 = 673 K and
duration t1 = 8 s; in the cooling cycle, T2 = 473 K and t2 = 6 s. The sensor temperature
was increased from T2 up to T1 in about 0.4 s, while it was decreased from T1 down to
T2 in about 1 s. In the time dependence of the conductivity, G0, after a step-wise rise of
temperature from T2 to T1 at 0.4 < t < 7 s, a decrease of conductivity (Figure 5a) caused
by a decrease in the surface density of adsorbed neutral hydroxyl groups (OH-groups)
and subsequent increase of Ni due to the adsorption of O− ions on the vacated sites are
observed. At t > 6.82 s, stationary values of Ni(T1), eϕs(T1), and G0(T1) are established.
At the same time, the condition T2 = 470 K must be satisfied in order for ions O− to be
adsorbed on the SnO2 surface. According to the method of [25], the value of eφs can be
determined by Formula (1):

eφs = [kT1T2/(T1-T2)] × ln[[G0(T1)/G0(T2)] (T1/T2)0.75] + kT1, (1)

where k is the Boltzmann’s constant. The conductivity–time profiles (CTP) G0(t) meet the
requirements necessary to determine eφs at the grain boundaries of indium oxide. The
shape of the CTP practically does not change under the action of hydrogen (Figure 5b), but
the response values at the ends of the cooling cycles, G1/G0(T2), are significantly higher
than those in the constant heating mode, G1/G0, and at the ends of the heating cycles,
G1/G0(T1).

 
(a) (b) 

Figure 5. Conductivity–time profiles in the thermal cycling mode: (a) in pure air for sensors of
Compositions (IV)–(VI) and (b) for the sensor of Composition (V) exposed to 100 ppm (Curve 1) and
1000 ppm (Curve 2) of hydrogen.
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Table 2 shows the values of eϕs and response measured in the constant and pulsed
heating modes for samples from all series at fixed hydrogen concentrations. In the case of
Samples (I)–(III), there is a high concentration of donor impurity and a reduced density of
chemisorbed oxygen. The condition 2d0 << dB is satisfied. Therefore, low values of eϕs, i.e.,
eϕs = 0.04–0.06 eV, and response are observed.

Table 2. Band bending values (eϕS) and responses (G1/G0) in the constant heating mode at 670 K
and during thermal cycling at the end of the cooling cycle, G1/G0(T2), for H2 concentrations of 1000
and 25,000 ppm.

Sample eϕS, eV
G1/G0

(1000 ppm)
G1/G0

(25,000 ppm)
G1/G0(T2)

(1000 ppm)
G1/G0(T2)

(25,000 ppm)

(I) 10 Sn 0.04 1.7 - - -
(II) 10 Sn 0.04 3.0 - - -

(III) 10 Sn + 4 Dy 0.06 3.7 - - -
(IV) 1 Sn + 4.95 Dy 0.32 20.7 223 216 28,640
(V) 0.5 Sn + 4.95 Dy 0.37 31.2 2409 785 142,270

(VI) 1 Sn + 2 Dy 0.16 6.9 108 23 240

The decrease in the concentration of tin to 0.5–1 at% and introduction of 4.95 at%
dysprosium contribute to the implementation of the condition 2d0 ≤ dB, which provides
a significant increase in eϕs, i.e., eϕs = 0.16–0.37 eV, and G1/G0. For these samples, at
the end of the cooling cycle, ultrahigh values of the response, G1/G0(T2), are observed at
pre-explosive H2 concentrations of 25,000 ppm.

For all sensors known from the literature based on both thin and thick films of
tin dioxide commonly used for detecting hydrogen, the signal saturation is observed at
n > 3000–5000 ppm, since there is a limited density of H2 adsorption centers on the surface.
An analysis of semiconductor hydrogen gas analyzers available on the market shows that,
in most cases, they are used to detect low H2 concentrations of 0–2000 ppm. There are
no sensors for high hydrogen concentrations. In particular, Figaro (Rolling Meadows, IL,
USA), one of the world leaders in this field, produces TGS821 sensors for the range of
30–1000 ppm and TGS600 sensors for the range of 1–30 ppm of H2 [35].

Previously, novel semiconductor sensors with high selectivity and stability were devel-
oped [23] for detecting high pre-explosive concentrations of H2 (0.1–2.5 vol%). The sensors
were based on thin (~100 nm) nanocrystalline SnO2 films fabricated by the magnetron
sputtering of dispersed Pt and Pd layers deposited on the surface, with an addition of
13–14 at% Pt in the bulk. The response values of G1/G0 at 25,000 ppm were 220–230. For the
samples of Composition (V) studied in this work based on In2O3 with optimal concentrations
of Sn and Dy, the G1/G0 value is an order of magnitude higher and reaches 2400–2500. In
the thermal cycling mode, ultrahigh response values are observed at the end of the cooling
cycle (Table 2). According to preliminary studies, the sensors are selective for other explosive
gases: methane, propane, butane, etc. The response of G1/G0 < 15 to 25,000 ppm of methane is
observed. It is important that the sensors can be used to detect both low (50–100 ppm) and high
pre-explosive hydrogen concentrations.

4. Conclusions

The defectiveness and electrical and gas-sensitive properties of hydrogen sensors
based on thin In2O3 films obtained via the RF magnetron sputtering of specially designed
ceramic targets containing various concentrations of indium, tin, and dysprosium oxides
were studied. Targets with a diameter of 75 mm and a thickness of 6 mm were obtained by
uniaxial static pressing, followed by sintering of powder compacts prepared by the sol–gel
method.

The Raman spectra of films with various concentrations of Sn and Dy contain some
peaks characteristic of the In2O3 bixbyite syngony. Some of the low-frequency peaks are
shifted in frequency, and the maximum of the highest intensity at 130 cm–1 is broadened
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and observed at 119 cm–1. An important feature of the spectra is the presence of additional
maxima at 565, 590, and 648 cm–1. The peaks of low intensity at 565 and 590 cm–1 may be
due to the catalysts deposited on the surface in the form of Pd2+ and Pt2+ ions. Dysprosium
manifests itself as a bright maximum at 648 cm–1, the intensity of which is higher in samples
from Series (III) to (V) with the concentration of (4–4.95) at% of Dy.

Regularities have been established for the changes in properties of films measured
under constant heating and thermal cycling modes, depending on the ratio of the concentra-
tions of tin and dysprosium oxides in the targets, as well as on the deposition of dispersed
Pt/Pd catalysts on the surface of the films. Sensors containing 10 at% of tin, which creates
shallow donor centers in indium dioxide, are characterized by low values of the resistance
R0 in pure air, activation energies of temperature dependences of R0, and response G1/G0
to the action of hydrogen. The presence of Pt/Pd on the surface and the introduction of
dysprosium into the bulk of the films increase the density of oxygen adsorption centers
and the band bending, eϕs, at the grain boundaries.

Reducing the concentration of tin to 0.5–1 at% and introducing 4.95 at% of dysprosium
contribute to a significant increase in eϕs, with eϕs = 0.35–0.37 eV, and G1/G0. The presence
of the region G1/G0~exp[eϕs] in the concentration range n = 20–1500 ppm of H2 indicates
the predominant role of the over-barrier component of conductivity. An important feature
of sensors based on Pt/Pd/In2O3 (94.55 at%): Sn (0.5 at%), Dy (4.95 at%) is the absence of
signal saturation when n increases to high values of 25,000 ppm of H2. In this case, G1/G0
reaches 2400–2500.

The mechanism of the dysprosium effect is determined by the higher energy of breaking the
bond with oxygen Dy–O compared to In–O and Sn–O bonds. During technological annealing
under the film crystallization, impurity atoms segregate on the surface of microcrystals
and actively form strong bonds with lattice oxygen, contributing to the formation of
superstoichiometric indium and, possibly, tin, which, together with Dy3+ ions, sharply
increases the density of oxygen and hydrogen adsorption centers. On the basis of original
films obtained by the RF magnetron sputtering of oxide targets with an optimal ratio of Sn
and Dy impurity concentrations, unique sensors for detecting hydrogen in a wide range of
concentrations, including pre-explosive values of 25,000 ppm, can be created.

Based on the results obtained, we plan to further optimize the composition and
methods of obtaining films to increase the efficiency of sensors based on In2O3, detailed
studies of their composition, structure and physicochemical properties, as well as the study
of selectivity and testing of the service life.
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Abstract: The oxidation process was studied for the synthesized low-layer Ti2CTx MXene deposited
on a special Al2O3/Pt sensor substrate using in situ Raman spectroscopy. It is noted that on the
ceramic parts of the substrate (Al2O3), the beginning of oxidation (appearance of anatase mod phase)
is observed already at 316 ◦C, in comparison with platinum, for which the appearance of anatase is
noted only at 372 ◦C. At the temperature 447 ◦C, the initial MXene film is completely oxidized to TiO2.
Using scanning electron microscopy and atomic force microscopy, the microstructure and dispersity
of the obtained MXene film were studied. It was found that the obtained films exhibit chemoresistive
responses to the detection of a wide group of gases, H2, CO, NH3, C6H6, C3H6O, CH4, C2H5OH and
O2, at room temperature and RH = 50%. The highest sensitivity is observed for NH3. The partial
oxidation of the Ti2CTx MXene was shown to favorably affect the gas-sensitive properties.

Keywords: chemoresistive gas sensors; MXenes; T2C; Titanium dioxide (TiO2); Raman; 2D-nanomaterials

1. Introduction

Two-dimensional titanium-containing carbide MXenes with the general formula
Tin+1CnTx have attracted increased attention from the scientific community in recent years
due to their unique properties—a large surface-to-volume ratio, high electrical conductivity,
which can be metallic or semiconducting, and surface functionalization by various groups
(primarily −F, −OH, −O), whose composition can be adjusted in some limits by choice of
synthesis method. [1–3]. This combination of unique MXene properties opens up the poten-
tial for their use in various fields: in lithium/sodium-ion batteries and supercapacitors [4,5],
fuel cells [6,7], photocalysis [8,9], as well as chemical gas sensing [10–14] etc.

In contrast to metal oxide semiconductors (MOS), the classical receptor materials
for chemoresistive gas sensors, Tin+1CnTx MXenes often have metallic conductivity, their
outer surface is completely covered by functional groups, and their morphology refers
to 2D-nanomaterials. This combination makes this class of compounds attractive for
chemoresistive gas sensors with a high signal-to-noise ratio (SNR) [15], including room
temperature operation.

The detection of the MXenes mechanism differs significantly from MOS materials. A
universal model describing the interaction of the analyte gas with ion-adsorbed oxygen and
the formation of an electron-depleted layer (EDL) on the surface layer of the sensitive mate-
rial can be used for MOS-gas sensors [16]. At present, the question about the mechanism of
gas detection by MXenes is debatable. Nevertheless, theoretical and experimental models
allowing the description of the appearance of the chemoresistive signal in the atmosphere
of different gases have already been observed [17–19].

MXenes, due to their predisposition to form hydrogen bonds with functional groups,
are extremely sensitive to moisture. The harmonic structure characteristic of MXenes
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multilayer, the metallic type of conductivity, and the fact that water molecules do not form
covalent bonds with the surface of MXenes make them extremely sensitive to humidity and
allow a reproducible response. In Zhang C. et al. [20], using FT-IR spectroscopy and the
study of the wetting angle on the MXenes surface, the authors found that water molecules
from the gas phase can be chemically sorbed on the surface and in the interlayer space of
Ti3C2Tx MXene. The authors proposed a mechanism whereby the hydroxyl groups thus
formed on the surface provide an electrostatic field and prevent charge transfer, which is
explained by an increase in electrical resistance (positive response: p-type) with increasing
humidity. The nanoscale interlayer space (~1.01 nm) of Ti3C2Tx, as well as the surface super
hydrophilicity found by the authors, prevents capillary condensation of water and limits
the movement of hydroxyl groups, which are characteristic of bulk nanomaterials.

Structural water plays an important role in reducing the overall interaction between the
MXenes layers and creating additional space for the adsorption and diffusion of gases with
affinity to functional groups. This feature is an advantage over other 2D-layered materials,
such as graphene, in which strong Van-der-Waals interactions between two-dimensional
sheets and small interlayer distances prevent the intercalation of gas molecules. Koh H-J.
et al., in their article [21], in situ using XRD demonstrated that the interlayer space of
MXenes contains water fragments (hydroxyl groups or water molecules themselves), which
can be removed when the material is exposed to dry nitrogen. The authors showed that
ethanol molecules can chemically bind with Ti3C2Tx MXene in its interlayer space. As a
result of these interactions, the MXene swells, and its interlayer distance increases due to
the steric effect. The swollen two-dimensional MXene decreases the number of electrons
involved in charge transfer between the layers during ethanol detection, which leads to an
increase in electrical resistance and allows the positive (p-type) chemoresistance response
to be recorded.

The MXenes show the best sensitivity when detecting gases able to form hydrogen
bonds. Majhi S.M. et al., in article [18], showed a positive (p-type) response when acetone
is detected by the Ti3C2Tx MXene. Kim S.J. et al. [15] also showed that when used as a
receptor material, Ti3C2Tx MXene demonstrates the greatest response to gases capable of
forming a hydrogen bond (acetone, ethanol, propanal and ammonia) than observed for acid
gases (NO2, SO2 and CO2). The authors demonstrated the ability to detect 50–1000 ppb
of acetone, ethanol and ammonia with a low SNR value. DFT calculations found that
hydroxyl groups (−OH) made the largest contribution to acetone bonding to functional
groups on the Ti3C2Tx MXene surface compared to oxygen (−O) and fluoride (−F) groups.
It was found that for OH-groups, the bonding energy value is significantly more negative
compared to −O and −F: −0.774 compared to −0.317 and −0.311 eV, respectively. The
authors concluded that the terminal hydroxyl groups on the surface of MXenes play a key
role in the detection of various gases to form hydrogen bonds [15].

In most of the papers presented in the literature, a positive chemoresistive response
of the p-type is recorded when detecting various gases with carbide titanium-containing
MXenes. Nevertheless, there are also studies in which the electrical resistance decreases
when gases are injected (negative response: n-type). For example, Wu M. et al. [22] observed
a decrease in electrical resistance when detecting ammonia by the Ti3C2Tx MXenes. The
authors explain this by the strong functionalization of the surface by chloride groups (−Cl),
which were formed on the surface of MXenes due to the peculiarities of the synthesis
(etching MAX-phase in the Lewis acid ZnCl2 melt, which is different from the classical
liquid-phase methods). This phenomenon is not fully explained in this paper. The authors
suggest that chloride groups can affect the MXene band structure, which leads to the reverse
chemoresistive response.

Nanocomposites based on them, primarily based on titanium dioxide Tin+1CnTx/TiO2,
are no less interesting receptor materials for gas sensors as compared to individual Tin+1CnTx
MXenes. Such nanocomposites can be obtained, in particular, by thermal oxidation in
an oxygen-containing atmosphere of the initial Tin+1CnTx MXenes. Such Tin+1CnTx/TiO2
nanocomposites can have improved gas-sensitive characteristics. In [23], the authors oxi-
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dized a Ti3C2Tx film deposited on a special multi-sensor chip in air at 350◦C. The resulting
nanocomposite demonstrated an increased semiconductor response to ethanol at relatively
high temperatures (300–350 ◦C), and a decrease in the response and recovery time of the
sensor was noted. In [24], the authors used oxygen plasma to oxidize MXene. The resulting
nanocomposite showed an increased response to ethanol by several orders of magnitude.
The formation of Tin+1CnTx/TiO2 nanocomposites is also possible by holding MXene in
an aqueous solution, specifically under the influence of light. In [25], the authors obtained
Tin+1CnTx/TiO2 by holding the individual components in an ethanol-water mixture. For
the synthesized nanocomposite, they were able to increase the sensitivity, as well as lower
the threshold of sensitivity to ammonia to 100 ppb. In [26], the authors in situ-oxidized
the initial Ti3C2Tx MXene using hydrothermal synthesis. The resulting oxidized nanocom-
posite demonstrated increased sensitivity and selectivity to NO2 detection. In [27], the
authors used a “simple spray method” to spray an aqueous dispersion of TiO2 onto the
surface of Ti3C2Tx MXene. The resulting nanocomposite showed improved gas-sensitive
characteristics when detecting low NH3 concentrations at RT, as well as a more stable signal
compared to the individual Ti3C2Tx MXene.

The present paper is devoted to the study of the oxidation process of the Ti3C2Tx
MXene film using in situ Raman spectroscopy and to the study of the gas-sensitive chemore-
sistance properties of the obtained nanomaterials to a wide group of analyte gases.

2. Materials and Methods

2.1. Mxene Synthesis and Film Application

Reagents: powders of metallic titanium (99.9%, 0.5–100 μm, Ruskhim, Moscow, Rus-
sia), aluminum (99.2%, 30 μm, Ruskhim), graphite (MPG-8 grade, Ruskhim), potassium
bromide KBr (99%, Ruskhim), sodium fluoride NaF (osc. Part 9-2, Reackhim, Moscow,
Russia), hydrochloric acid HCl (>99%, Sigma Tech, Moscow, Russia), tetramethylam-
monium hydroxide solution (CH3)4N(OH) (TMAOH, 25%, aqueous solution, Technic,
Saint-Denis, France).

The synthesis of Ti2CTx MXene was performed by selective etching of aluminum layers
contained in the MAX-phase of Ti2AlC. For this purpose, Ti2AlC powder was added to a
sodium fluoride solution in hydrochloric acid; the Ti2AlC and Ti2CTx synthesis techniques
used in this study are described in detail in [28,29].

Briefly, to obtain Ti2AlC, powders of aluminum, titanium, graphite and potassium
bromide were mixed in the ratio n(Ti):n(Al):n(C) = 2:1.2:0.8 and m(Ti+Al+C) = m(KBr),
then co-milled, pressed into tablets and heat treated in a muffle furnace at 1000 ◦C in a
protective melt KBr.

To obtain the multilayer Ti2CTx MXene, a 1 g sample of the MAX-phase Ti2AlC
mass was slowly added to 20 mL of 6 M HCL solution with 1 g of NaF. The system
was then incubated under stirring and at 40 ± 5 ◦C for 24 h. The resulting powder
was separated by centrifugation and repeatedly washed with distilled water until pH
~5–6 was reached. Delamination was performed using tetramethylammonium hydroxide
(CH3)4N(OH) solution under ultrasonic influence.

The obtained Ti2CTx MXene sample was held in an aqueous dispersion at 4–6 ◦C for
7 days and then used to apply the receptor layer.

The Ti2CTx MXene film was deposited by drop casting method on the surface of a
specialized Al2O3 substrate with platinum interdigital electrodes (from the front side) and a
platinum microheater (from the back side). For this purpose, the dispersion system (carbide
nanosheets and deionized water in a volume of 50 μL) was applied to the substrate surface
in the area of counter-pin electrodes using an automatic dispenser. Then, a step drying in
the range of 25–150 ◦C under reduced pressure was performed to remove the solvent.

2.2. Instrumentation

The microstructure and chemical composition of the film surface were studied by
scanning (NVision 40 scanning electron microscope, Carl Zeiss (Oberkochen, Germany,
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secondary electron detector, accelerating voltage 1–10 kV) and transmission electron mi-
croscope (JEOL JEM-1011, Akishima, Japan), as well as X-ray spectral elemental micro-
analysis (energy-dispersive X-ray (EDX) spectrometer INCA X-MAX 80, Oxford Instru-
ments (Oxford, UK), accelerating voltage 20 kV). The powder phase composition and
films were studied by means of X-ray diffraction (XRD) on D8 Advance device (Bruker,
Billerica, MA, USA,), CuKα = 1.5418 Å, Ni filter, E = 40 keV, I = 40 mA; the range of 2θ:
5–45◦; resolution: 0.02◦; signal accumulation time in the point: 0.3 s).

The obtained Ti2CTx MXene films were examined by atomic force microscopy (AFM).
Surface topography and Kelvin-probe force microscopy (KFM) were studied on a Solver
Pro-M scanning probe microscope (NT-MDT production, Zelenograd, Moscow, Russia)
using ETALON HA-HR probes with W2C-based conductive coating (tip curvature <35 nm).
The microstructure of the obtained films was studied using SEM and AFM on the Al2O3
section between platinum microelectrodes.

Raman spectra were obtained with a Renishaw inVia Reflex Microscope system
equipped with a Peltier-cooled CCD. The 532-nm lines of a Nd:YAG laser were used
for excitation. The laser light was focused on the sample through a 50× objective to a spot
size of ~2μm. The power of the sample was <0.3 mW. The variable-temperature Raman
scattering measurements were made using a THMS600 stage (Linkam Scientific Instru-
ments Ltd., Redhill, UK). The in situ film heating rate was 5 ◦C/min. After conducting
Raman in situ heating experiments on the samples, the temperature was recalibrated on a
typical sample using a high-precision Testo 868 thermal imaging camera. Due to the fact
that Raman spectroscopy can be destructive for some samples (especially those prone to
oxidation, as in this case) due to local heating of the region from which the spectrum is
taken after laser exposure, spectra were recorded in different areas of the film, which are
nevertheless localized close to each other. This approach avoided the local overheating
that could occur with repeated laser exposure, even at low power, which allowed more
reliable data to be obtained. All spectra obtained were normalized with respect to the most
intense spectrum.

The chemoresistive responses were obtained using a special laboratory setup, a de-
tailed description of which can be found in our earlier papers [30,31]. The gas medium
was created in a quartz cell using two Bronkhorst gas flow controllers with a maximum
throughput of 100 and 200 mL/min. The quartz cell volume is 7 × 10−5 m3. The electrical
resistance of the obtained oxide films was measured using a Fluke 8846A Digit Precision
Multimeter, which has an upper detection limit of 1000 MΩ. The temperature of the sensor
was monitored using a platinum microheater pre-calibrated with a high-precision Testo
868 thermal imaging camera. The measurements of gas-sensitive properties, among others,
were carried out at room temperature. Before starting the gas-sensitive measurements,
the film to be measured was incubated in a baseline gas atmosphere until a stable signal
was established.

To measure the signal at different relative humidity (RH), we used a special unit
with a bubbler flask; the RH of the gas mixture was controlled by a digital flow-through
hygrometer “Excis”. The temperature value of the relative humidity was set and then
measured at 20 ◦C.

All gas-sensing measurements were carried out at room temperature (RT) and 50% rel-
ative humidity. The response to H2, CO, NH3, benzene (C6H6), acetone (C3H6O), methane
(CH4), ethanol (C2H5OH) and oxygen (O2) was calculated using the following ratio:

S1 =

∣∣RBL − Rg
∣∣

RBL
× 100% (1)

where RBL is the baseline resistance (nitrogen (99.9999%) and was used as the baseline
for oxygen detection and synthetic air for other gases, and Rg is the resistance at a given
concentration of analyte gas.
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The response to humidity was calculated using the following ratio:

S2 =
|RBL − RRH|

RBL
× 100% (2)

where RBL is the resistance at 30% relative humidity, and RRH is a given relative humidity.

3. Results and Discussion

3.1. Investigation of the Phase Composition and Microstructure of the Obtained Ti2CTx Mxene

As shown in Figure 1a, the obtained MXene sample contains no significant admixtures
of the original Ti2AlC, and the shift in the reflex position (002) toward lower angles to
2θ = 4.6◦ indicates the successful delamination of the multilayer aggregates formed by
etching the MAX-phase with NaF-HCl. The shift of the reflex associated with the Ti2CTx
phase for the coating on the specialized substrate toward higher angles to 2θ = 5.3◦ indicates
that the reverse aggregation of the MXene sheets and the decrease in the interlayer distance
during vacuum drying occurs during coating formation.

Figure 1. The X-ray patterns of the initial Ti2AlC, low-layer Ti2CTx MXene and its coating on a
specialized sensor substrate (a), and TEM microphotographs of Ti2CTx MXene (b,c).

The TEM data indicate partial destruction of the MXene sheets (Figure 1b,c) while
holding it in aqueous dispersion, as well as the appearance of loose nanoparticles on the
sheet boundaries, probably related to oxidation products—titanium dioxide in different
crystalline modification.

3.2. Raman Spectroscopy

In situ Raman spectra recording for Ti2CTx MXene films on an Al2O3 chip with Pt
interdigital microelectrodes (Figure 2a) was performed both for platinum microelectrodes
and for the Al2O3 area between them (Figure 2b). The results of which can be attributed
to the inhomogeneity of the prepared film. It should be noted that modes on the Raman
spectra characteristic of the MXene phase are more intensive on platinum.
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Figure 2. The scheme of an Al2O3 substrate with Pt microelectrodes and Ti2CTx MXene film (a) and
a microphotograph of the Ti2CTx film on the substrate surface with an indication of the areas where
in situ Raman spectra were measured (b).

3.2.1. MXene Raman Spectra for the Platinum Electrodes Area

A Ti2CTx MXene film is characterized by three normal modes, ω1, ω2 and ω3, in
Raman spectra, located at 270, 380 and 697 cm−1, respectively (Figure 3a). Modes ω1-ω3
can be attributed both to vibrations of MAX-phase Ti2AlC, remaining after synthesis, and
to Ti2CTx MXene itself [32–35]. Analysis of the spectrum obtained at RT also reveals other
modes: ωR1 and ωR2 modes are located at 447 and 821 cm−1, which can be attributed to
high convergence to Eg and B2g modes characteristic of rutile TiO2 [36,37]. For the rutile
phase, the largest intensity should be observed for Eg and A1g modes with maxima at
~448 and 613 cm−1, respectively, while B2g should be the least intensive of all first-order
modes characteristic of rutile [38]. In this case, however, the ωR2 (B2g) mode is the most
intensive of all rutile phase modes, which is highly irregular for rutile TiO2 materials in
the literature [38,39]. Such behavior allows us to suppose that the obtained MXene at
RT does not include a separate rutile TiO2 phase, with observed ωR1 (Eg) and ωR2 (B2g)
modes arising from Ti−O bonds, with energies close to analogous bonds in rutile, on the
MXene surface. Moreover, the observed rutile species on the surface of Ti2CTx MXene
likely formed as a result of keeping the synthesized sample in water suspension.
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Figure 3. In situ Raman spectra at different temperatures (20–447 ◦C) of the thin film at different
substrate areas: on Pt (a) and Al2O3 (b).

In the more long-wave region of the spectrum, ωD and ωG modes are located at 1349
and 1583 cm−1, which are characteristic carbon D- and G-bands [32], which are common
for many carbon systems with sp2 hybridization of the C−C bond. Therefore, they can be
attributed to carbon in MXene as well as to graphene layers resulting from the excessive
etching of Ti2AlC by hydrofluoric acid and the partial removal of titanium atoms beside
aluminum atoms [40–42].

In addition to the main MXene modes, low-intensity modes ωT1, ωT2 and ωT3 were
found at 754, 935 and 1454 cm−1, respectively. Modes ωT1-ωT3 are characteristic of tetram-
ethylammonium hydroxide (TMAOH) [43], fragments of which had likely been captured
in MXene interlayer space after delamination and washing. At 1042 cm−1, the ωN mode is
also present, attributed to the nitro group (NO3

−) [44,45], which could have formed on the
MXene surface after the gas-sensing properties studies in an atmosphere containing NO2.
The possibility of gaseous NO2 transformation into an NO3− group on the surface of the
Ti3C2Tx/TiO2 material has been considered in studies [46,47].

The described set of modes is retained by the sample under heating up to 109 ◦C. At
higher temperatures, the spectra undergo significant changes. Starting with 147 ◦C, no
ωT1-ωT3 and ωN modes (characteristic of TMAOH and NO3

− groups, respectively) appear
in the spectra. This can be attributed to their desorption and/or decomposition with the
following desorption of gaseous decomposition products from the MXene surface. Heating
to ≥147 ◦C results in the overlap of ω2 mode with the rutile ωR1 band, yielding a new
widened peak. Further heating leads to the transformation of this peak with maximum
shifting to a lower wave number. At 410 ◦C, the maximum of this phase is located at
420 cm−1, which is close to the B1g mode of the titanium dioxide anatase phase [38]. This
might indicate partial restructuring of the crystal lattice. Modes characteristic of Ti2CTx (ω1
and ω3), as well as of TiO2 rutile (ωR2), still remain on the film spectra, with their maxima
not undergoing any changes.

The most intensive Eg mode at 156 cm−1 (ωA1), characteristic of anatase, starts to
appear on spectra at 372 ◦C. The intensity of this mode rises with the temperature, which
indicates that MXene is being oxidized to titanium dioxide. The A1g mode at 608 cm−1

(ωR3), which is the most intensive mode of the rutile phase [38], also appears on the Raman
spectra at temperatures ≥ 372 ◦C as a result of the oxidation process. The Raman spectrum
at 447 ◦C significantly differs from those recorded for the MXene film at lower temperatures,
having the following set of bands: ωA1 (Eg) and ωA2 (B1g) at 156 and 396 cm−1 from the
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anatase phase and ωR3 (A1g) and ωR2 (B2g) at 615 and 821 cm−1 from the rutile phase. The
obtained values are in good agreement with the literature [37,38].

D- and G-modes are retained up to the temperature of 447 ◦C. An increase in temper-
ature gives rise to the systematic shift of the G-mode to lower wave numbers. Thus, at
410 ◦C, the G-mode maximum is situated at 1570 cm−1. The shift of the maximum position
can be related to temperature effects arising from in situ heating of the sample.

Thus, analysis of the recorded Raman spectra for MXene film on platinum allows
us to infer that the oxidation of MXene begins at 372 ◦C. It is at this temperature that the
Ti2CTx/TiO2 composite with a large content of rutile and anatase phases of TiO2 forms. At
the temperature of 447 ◦C, the Ti2CTx/TiO2 film fully oxidizes TiO2, consisting of rutile
and anatase.

3.2.2. Raman Spectra for the Al2O3 Area

Considering the features of sensing studies, it is the Raman spectra of MXene on a
ceramic Al2O3 surface between platinum microelectrodes that are of the most interest since
chemoresistive signals of the gas-sensitive film arise from this area of the sample. We have
observed that Ti2CTx spectra recorded on local areas on the Al2O3 surface significantly
differ from those recorded for MXene film areas situated on the surface of platinum elec-
trodes. We were able to obtain intensive signals for Ti2CTx on the surface of the platinum
electrodes related to vibrations of various phases. On the Al2O3 surface, however, most
modes are of low intensity, and for the initial TI2CTx spectrum, large background lumines-
cence was observed, which obstructs registering Raman scattering. For this reason, only
the region up to 900 cm−1 is shown in the graph with characteristic MXene modes and
oxidation products.

On all spectra of the MXene film (Figure 3b), the characteristic set of modes ωS1-ωS5,
typical for α-Al2O3 substrate, can be seen at 377, 417, 574, 644 and 749 cm−1 [48]. At RT, only
weak ω1 mode of MXene at 276 cm−1 and intense mode ωR2 (B2g) at 828 cm−1 from rutile
(these modes were the most intense for Raman spectra of MXene on the platinum surface—
see Section 3.2.1) are observed. No other modes, characteristic of MXene, were found for
the film on Al2O3‘s surface due to their low intensity and background luminescence. The
described set of modes is retained up to 316 ◦C when the Eg (1) mode at 156 cm−1 (ωA1)
from anatase, as well as Eg (3) at 634 cm−1 (ωA3), appear, with the latter mode not observed
in spectra for the platinum surface. The obtained data are in good agreement with those in
the literature [38]. It should be noted that the start of anatase formation owing to MXene
oxidation already starts at 316 ◦C on the Al2O3 substrate, while for the platinum substrate,
the same is only observed at 372 ◦C. Further increases in temperature to 410–447 ◦C result
in full oxidation of MXene to TiO2. Modes characteristic of anatase can be observed in this
case on the Raman spectra: strong Eg (1) at 156 cm−1 (ωA1) and weaker B1g(2) + A1g at
510 (ωA2) and Eg(3) at 634 cm−1 (ωA3), as well as B2g at 828 cm−1 (ωR2) from the rutile
phase [38]. It should be noted that on Al2O3‘s surface, the oxidation of Ti2CTx MXene can
be seen to proceed with the formation of mostly anatase phase. Only the weak B2g mode
can be attributed to rutile, which was present from the start. In the case of the final Raman
spectra for platinum substrate, ωR1 (Eg) and ωR3 (A1g) of the rutile phase can be observed.
These seeming differences in oxidation behavior of the Ti2CTx MXene-receptive layer can
be connected to the effect of the substrate material used for MXene film deposition on the
recorded Raman spectra.

For further studies of the gas-sensing properties of the prepared Ti2CTx/TiO2 nanocom-
posite, we have chosen the film oxidized at the minimal temperature of 316 ◦C.

3.3. Microstructure

SEM micrographs for films on the special Al2O3/Pt substrate are given in Figure 4.
The initial MXene film (Figure 4a,b) exhibits the folded wavelike microstructure: the surface
is reminiscent of sea crests. The length of such crests can reach several microns. It can be
seen from the micrograph that the film surface is rather developed, which is important for
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gas-sensing applications, which require a high specific surface area for better adsorption of
gases from the atmosphere. Separate nanoparticles can also be seen on the micrographs,
having a mostly spherical shape, with sizes of about 200 nm. Such particles might consist
of impurities.

 

Figure 4. The SEM micrographs of films on a special Al2O3/Pt substrate: initial MXene (a,b), oxidized
at 316 ◦C (c,d) and 447 ◦C (e,f).

Heating up to 316 ◦C gives rise to significant microstructural changes in the MXene film
(Figure 4c,d). It becomes more uniform, although the wavelike microstructure is retained.
Spherical particles 1–3 μm in diameter start to appear, most likely being aggregates of
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TiO2 in rutile crystal modification. The enlargement of TiO2 particles can be attributed
to the aggregation of smaller particles, as well as to overall phase transformation due
to heat treatment of the films. Judging from Raman spectroscopy data given earlier,
a nanocomposite is formed under such temperatures, consisting of the MXene phase
and TiO2.

Further increases in heat treatment temperature to 447 ◦C result in even more pro-
nounced changes in the microstructure (Figure 4e,f). The wavelike structure fully gives
way to a smoother surface, consisting mostly of spherical aggregates 1–3 μm in diameter.
Smaller spherical nanoparticles, 20–50 nm in size, can be seen from micrographs with
higher magnification (Figure 4f). Raman spectroscopy analysis suggests that under such
temperatures, the TiO2 film forms, consisting of a rutile and anatase phases mixture.

The microstructure of MXene films after their heat treatment at 316 and 447 ◦C was
additionally studied using AFM. Topography scans are given in (Figure 5a,b), as well
as the distribution of surface potential for the sample of MXene film oxidized at 316 ◦C.
Topography results from AFM are in good agreement with SEM results (Figure 4c,d). Areas
with spherical aggregates 2–4 μm in size, as well as narrow (width of ~100–250 nm) and
elongated wavelike structures, roughly 100 nm in size, can be seen. Surface potential values
for different film areas differ noticeably, with a work function changing varying from
4.57 to 5.00 eV, which is a consequence of film inhomogeneity. The mean work function
value was 4.71 eV, which is rather close to the value for individual Ti2CTx MXene with
a varyingly functionalized surface: 4.5–4.98 eV [49,50]. Thus, the obtained AFM results
correlate well with Raman spectroscopy and SEM data and also confirm the formation of
the Ti2CTx/TiO2 nanocomposite.

Figure 5. The AFM results: topography (a) and surface potential distribution map (b) of Ti2CTx/TiO2

MXene film oxidized at 316 ◦C; topography (c) and surface potential distribution map (d) of
Ti2CTx/TiO2 film oxidized at 447 ◦C.
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The topography scans are given in (Figure 5c,d), as well as the distribution of the
surface potential for the sample of the MXene film oxidized at 447 ◦C. The obtained film
surface is relatively smooth, consisting of low (50–80 nm) spherical aggregates 2–4 μm in
size, with small spherical agglomerates 200–400 nm in size situated on their edges and in
between them. Under higher magnification and in the phase contrast regime, nanoparticles
with a shape close to spherical, size of ~45–95 nm, were found, which is in agreement with
the SEM results. The mean square roughness on an area of 100 μm2 is just 20 nm. It can be
seen from the map of the potential surface distribution obtained from KPFM (Figure 5d)
that charge carriers are spread relatively uniformly on the film surface. The mean work
function value for all scanned areas was 5.00 eV. This value is in good agreement with those
reported in the literature for anatase [51]. For anatase, the work function lies in the range
of 4.94–5.07 eV, while for rutile, it is ~4.80 eV. Thus, AFM also confirms the formation of
TiO2 with mostly anatase crystal structure.

3.4. Gas-Sensing Chemoresistive Properties

The gas-sensitive chemoresistive properties at room temperature were studied for
the initial Ti2CTx MXene film as well as the Ti2CTx/TiO2 film oxidized in situ in a Raman
spectroscopy cell at 316 ◦C. A further increase in the operating temperature (including in
an atmosphere of high humidity) led to a significant increase in electrical resistance (R > 1
GOhm), which made it impossible to measure the gas-sensitive properties.

In the first stage, the obtained Ti2CTx and Ti2CTx/TiO2 films had their baseline
resistances measured in an atmosphere of dry air and dry nitrogen. In both cases, the
resistance of the films exceeded 1 GOm, which did not allow their gas-sensitive properties
to be measured in these atmospheres. The Ti2CTx and Ti2CTx/TiO2 films showed increased
chemoresistance sensitivity to humidity: a significant decrease in the baseline was observed
as the RH increased. Figure 6a shows the responses to humidity variations in the air
atmosphere. As can be seen, when the RH was increased from 30% to 40%, 50%, 64% and
93%, the response value increased from 0% to 46%, 67%, 83% and 96% and to 50%, 76%,
87% and 91% for Ti2CTx and Ti2CTx/TiO2, respectively. The initial Ti2CTx film showed a
higher sensitivity to humidity at elevated RH values (93%). The high MXenes sensitivity
to humidity is typical and is well described in the literature. For further gas-sensitive
measurements, a gas atmosphere with constant humidity RH = 50% was chosen.

Figure 6. The responses of Ti2CTx and Ti2CTx/TiO2 films to humidity (a) and Ti2CTx films to 0.4–10%
O2 at 50%RH (b).

In the following step, the chemoresistive responses were determined for the detection
of 100 ppm CO, NH3, benzene (C6H6), acetone (C3H6O), ethanol (C2H5OH) and 1000 ppm
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methane (CH4), H2. The experimental responses (S1) to the above gases are shown in
Figure 7a,b. The selectivity diagrams (Figure 7c,d) are plotted from the obtained response
array. The bar chart (Figure 7c) shows the sign of the resulting response: a positive value
corresponds to an increase in electrical resistance when the analyte gas is injected (p-
response), and a negative value corresponds to a decrease (n-response). The radar chart
(Figure 7d) shows the response values (S1 in %) for all analyzed gases.

Figure 7. The gas-sensing properties of the samples at RT and 50%RH: responses to 100 and 1000
ppm of different gases of the Ti2CTx film (a) and Ti2CTx/TiO2 (b); selectivity diagrams plotted from
the responses to the different gases (c,d).

For the initial Ti2CTx MXene film containing its oxidation products in water dispersion,
the highest response (24%) was observed when NH3 was detected. Notable responses were
recorded for CO (15%), C6H6 (13%), C2H5OH (11.5%) and C3H6O (8.3%); the response for
H2 and CH4 detection was 4%. The sensitivity to 0.4–10% oxygen was also additionally
measured (Figure 6b). A gradual increase in the response (S1) from 4% to 33% was observed
when the oxygen concentration was increased from 1% to 10%. The response to oxygen
by MXenes is practically not described in the literature but was nevertheless recorded by
us in our previous study [29]. When all the above gases were injected, regardless of their
chemical nature, the resistance decreased, i.e., an n-response was observed.
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A significant change in gas-sensitive properties was observed for the Ti2CTx/TiO2
composite film obtained by oxidation in air at 316 ◦C. The highest response (61%) was
recorded for NH3 detection, as for the initial Ti2CTx film. Further, notable responses were
obtained for the detection of C2H5OH (32%) and NO2 (43%), and the response for all
other gases did not exceed 7.6%. As can be clearly seen from the selectivity radar chart
(Figure 7d), the oxidized Ti2CTx/TiO2 film showed an increased response to all analyzed
gases (except oxygen) compared to the Ti2CTx film. Especially noticeable is the sensitivity to
NO2 (the response increased by 10 times), as well as a completely absent response to oxygen.
In contrast to the Ti2CTx film, for the air-oxidized Ti2CTx/TiO2 film, a different type of
response was observed for the detection of almost all gases (except for NH3 and NO2, to
which the maximum response was observed). When detecting CO, C6H6, C3H6O, C2H5OH,
CH4, H2 and O2, a p-type response was obtained, and when detecting nitrogen-containing
gases NH3 and NO2 an n-type response was obtained.

Figure 8 shows the response of 4–100 ppm NH3 and the signal reproducibility when
detecting 10 ppm NH3 by the Ti2CTx/TiO2 composite film. As can be seen (Figure 8a),
with an increase in NH3 concentration from 4 to 100 ppm, there is a gradual increase in
the response (S1) from 16% to 61% with a noticeable drift of the baseline (which can be
explained by the high interaction energy of the ammonia molecule and receptor material),
and the response itself is well reproduced (Figure 8b)

Figure 8. The gas-sensitive properties of the samples at RT and 50%RH. Responses of Ti2CTx/TiO2

films to 4–100 ppm NH3 (a) and 10 ppm NH3 (b).

During the consideration of the mechanisms of the detection of various gases by the
obtained materials, it is necessary to take into account the fact that all measurements were
carried out in an atmosphere of 50% RH. Therefore, it can be assumed that the MXene
surface, in this case, contains a large amount of sorbed water, as well as hydroxyl groups
(OH−), i.e., hydroxyl groups can be directly involved in reactions with various gases that
precede the chemoresistive response.

In the present work, only the n-type response was observed for the initial Ti2CTx
sample. When detecting the reducing gases (all gases in this work except NO2 and O2),
this behavior is typical for n-type metal oxide semiconductors [52] but is not typical for
Tin+1CnTx MXenes, for which a p-type response is most often observed [15,18,53]. Raman
spectroscopy and TEM data revealed that the surface of the initial MXene sheets contains
oxygen groups, and an impurity of the rutile TiO2 phase was noted. Thus, in addition to
the hydroxyl functional groups of MXene, as well as sorbed water molecules, TiO2 particles
may also be involved in the detection mechanism. The presence of the n-type response
detected in our study is not fully understood at this time and requires further investigation.
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After oxidation of the initial MXene film in air to Ti2CTx/TiO2 composite, a change in
the response character from n- to p-type is observed when detecting CO, H2 and VOC’s.
According to Raman spectroscopy data, it is found that a single n-type TiO2 semiconductor
phase is formed for this sample. The surface microstructure of the resulting composite
also changes. As a rule, large-band-gap semiconductors, such as TiO2, have poor electrical
conductivity at room temperature. At room temperature, it is the MXene phase, which is
characterized by p-type conductivity, that makes the main contribution to the gas sensitivity.
The increase in sensing signals can be related to the fact that at the Ti2CTx/TiO2 interface, a
Schottky barrier appears, the height of which will change during the adsorption of different
gases [23].

Table 1 provides information on the gas-sensitive properties of composites of MXenes
Ti3C2Tx/TiO2 and Ti2CTx/TiO2 operating at room temperature for chemoresistive gas
sensors reported in the literature. As can be seen, in the field of gas-sensing composites
based on Ti3C2Tx, MXenes are mainly used, and the sensory properties of Ti2CTx MXenes
and nanocomposite Ti2CTx/TiO2 are practically not studied. For many of the composites
presented in Table 1, it is ammonia that shows the greatest response. This corresponds
to the data of theoretical calculations [54] for the maximum oxidized compound, Ti2CO2,
which is associated with high adsorption energy and the calculated value of charge transfer.
A comparison of the experimental data on the gas-sensitive properties shows that the
materials obtained in this work have a sufficiently high response (to a wide range of
NH3 concentrations), significantly exceeding most of the literature analogs. The increased
response can be attributed to the more flexible heat treatment conditions used in this
work under the control of in situ Raman spectroscopy for the controlled formation of
heterojunctions between Ti2CTx and TiO2. In addition, the responses obtained in this work
were recorded at relative humidity RH = 50% (closest to the real conditions), which has not
been noted in other works for TiO2-modified MXenes.

Table 1. Comparison of gas-sensitive characteristics of chemoresistive gas sensors based on
Ti3C2Tx/TiO2 and Ti2CTx/TiO2 MXenes operating at room temperature that is presented in
the literature.

No. Year Composition Target Gas Conc., ppm Response RH, % Ref.

1 2019 Ti3C2Tx/TiO2 NH3 10 ppm 3% 60 [27]

2 2020 Ti2CTx/TiO2 NH3 10 ppm 1.9% 0 [25]

3 2020 Ti3C2Tx/TiO2 NO2 5 ppm 16.05% 0 [46]

4 2021 Ti3C2Tx/TiO2 C2H5OH 100 ppm 22.47% 0 [55]

5 2021 Ti3C2Tx/TiO2 hexanal 100 ppm 8.8% 0 [56]

6 2021 Ti3C2Tx/TiO2 NO2 100 ppm 4% 0 [26]

7 2021 Ti3C2Tx (N-
doped)/TiO2

NH3 200 ppb 7.3% 0 [57]

8 2022 Ti3C2Tx/TiO2 C2H5OH 90 ppm 91 a.u. 0 [24]

9 2022 Ti2CTx/TiO2 NH3 4–100 ppm 16–61% 50 This work

4. Conclusions

The in situ oxidation of the film of layered Ti2CTx MXene synthesized as a result of
the exposure of the MAX-phase of Ti2AlC to sodium fluoride solution in hydrochloric
acid, delaminated by tetramethylammonium hydroxide and held in water dispersion, has
been studied, in detail, using Raman spectroscopy. The phenomenon of substrate (Al2O3
ceramics or platinum) influence on the intensity of Ti2CTx MXene phase modes, as well
as the modes formed during oxidation in the air atmosphere of rutile and anatase phases,
has been noted. It is shown that the formation of a new oxidation product phase (TiO2
with anatase structure) on the ceramic Al2O3 substrate can be fixed at a lower temperature
(316 ◦C) than it is typical for the Ti2CTx layer on the platinum electrodes of the specialized
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substrate (372 ◦C). It was found that at 447 ◦C the full oxidation of the initial Ti2CTx MXene
under the conditions of heating in an air atmosphere occurs.

The coating microstructure was studied using a complex of methods (SEM, TEM and
AFM), and the work function was determined for both the Ti2CTx/TiO2 composite obtained
at 316 ◦C and the fully oxidized composition using Kelvin-probe force microscopy.

It was found that the obtained Ti2CTx and Ti2CTx/TiO2 films exhibit chemoresistive
responses when detecting a wide group of gases, H2, CO, NH3, C6H6, C3H6O, CH4,
C2H5OH and O2, at room temperature and 50% relative humidity. It was shown that
partial oxidation of MXene favors the gas-sensitive properties, and the most sensitivity was
observed for NH3.
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Abstract: A comparative analysis of the chemiresistive sensor response of thin films of a series
of tetrasubstituted phthalocyanines of various metals with F-substituent in peripheral (MPcF4-p,
M = Cu, Co, Zn, Pb, VO) and non-peripheral (MPcF4-np) positions in macroring to low concentrations
of ammonia (1–50 ppm) was carried out. It was found that MPcF4-p films exhibit a higher sensor
response than MPcF4-np ones. A CoPcF4-p film demonstrated a calculated LOD of 0.01 ppm with a
recovery time of 215 s, while a VOPcF4-p film had LOD of 0.04 ppm and the recovery time of 270 s.
The selectivity test showed that CO2, ethanol, acetone, benzene, and formaldehyde did not interfere
with the determination of ammonia, while H2S at a concentration of more than 10 ppm could act as
an interfering gas. It was shown that, as a result of quantum-chemical calculations, the observed
regularities are best described by the interaction of NH3 with phthalocyanines through the formation
of hydrogen bonds between NH3 and side atoms of the macroring. In the case of MPcF4-p, the
NH3 molecule approaches the macrocycle more closely and binds more strongly than in the case of
MPcF4-np. The stronger binding leads to a stronger effect of the ammonia molecule on the electronic
structure of phthalocyanine and, as a consequence, on the chemiresistive sensor response of the films
to ammonia.

Keywords: metal phthalocyanines; fluorine substituents; ammonia; chemiresistive sensors;
DFT calculations

1. Introduction

Ammonia (NH3) is one of the most toxic gases in nature. It has a toxic effect on
the human body, an irritating effect on the mucous membranes and skin, and causes
pulmonary edema and severe damage to the nervous system [1,2]. Ammonia is one of the
main products in the chemical industry; for example, it is widely used in the production
of fertilizers, explosives, medicine and agriculture, as well as the production of polymers,
nitric acid, and also as a refrigerant [3,4]. Normally, the gas content in the ambient air
should not exceed 2 mg/m3. The human sense of smell is able to detect the characteristic
sharp ammonia smell only at a gas concentration of 37 mg/m3, when it poses a direct
danger to health and life [5,6]. Therefore, it is important to use gas sensors to monitor the
ammonia content in the atmosphere [6,7]. The release of large amounts of NH3 can lead to
serious poisoning. Thus, constant monitoring of the amount of ammonia in enterprises or
in the surrounding atmosphere is necessary to prevent environmental disasters. This fact
prompted the search for new materials for the rapid, selective, and sensitive detection. At
the same time, the sensors must be able to operate at variable humidity and temperature.

In addition to the determination of ammonia in the surrounding atmosphere, one
of the important directions where analysis of NH3 concentrations is required is the non-
invasive diagnosis of various diseases by the composition of exhaled air. Conclusions about
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changes in metabolism or the presence of a disease can be made by changing the ratio of
substances released during exhalation. For example, an ammonia concentration of more
than 1 ppm indicates renal insufficiency in nephritis, atherosclerosis of the renal arteries, or
toxic kidney lesions [8,9]. The test for the content of ammonia in exhaled air can also be
used to monitor hemodialysis in acute or chronic renal failure [10]. Therefore, the search
for new materials that are selective with respect to ammonia and sensitive to such low
concentrations is also an urgent task.

Several types of gas analyzers are used to control the concentration of ammonia [11].
Among them, electrochemical ammonia sensors have become the most popular due to the
best combination of price and reliability of results [12]. The disadvantage of such ammonia
sensors is the dependence of their readings on temperature and humidity. Semiconductor
ammonia sensors have a low cost, but the main disadvantages of this type of ammonia
sensors include selectivity. Therefore, the search for new materials that can act as active
layers of sensor devices is constantly underway.

Thin films of metal oxides (SnO2, In2O3, Ga2O3, WO3, V2O5, etc.) [13,14], carbon nano-
materials [15,16], conducting organic polymers [17,18], and metal phthalocyanines [19,20] are
most often used as materials of sensitive layers of chemiresistive sensors to detect ammonia.
Among these materials, phthalocyanines are distinguished by high sensitivity, exceptional
chemical and thermal stability, and the ability to form ordered thin films during deposition by
both physical vapor deposition (PVD) [21] and solution methods (e.g., spin coating, Langmuir
Blodgett, and drop casting) [22]. The properties of phthalocyanines can be regulated by
introducing various central metals and substituents into their aromatic macroring.

In a number of early studies, it was shown that the introduction of electron-acceptor
substituents, such as fluorine, led to an increase in the sensitivity of the sensor to electron-
donating gases, which include ammonia [21,23,24]. The introduction of fluorine sub-
stituents leads to a decrease in the electron density of the aromatic macrocycle and an
increase in the oxidative potential of the phthalocyanine molecules [25,26]. Apart from this,
the introduction of F-substituents leads to a lower level of LUMO energy, which promotes
the injection of electrons and, consequently, affects their semiconductor properties [27,28].

In our previous studies, the chemiresistive sensor response of unsubstituted (MPc)
phthalocyanines, tetra- (MPcF4) and hexadecafluorosubstituted (MPcF16) phthalocyanines
of Cu, Zn, and Co to ammonia was studied and it was shown that the sensor response
increased in the following order: MPc < MPcF16 < MPcF4. MPcF4 (M = Zn, Co) layers
were shown to demonstrate the best sensor performance, with the calculated detection
limit of NH3 reaching to 0.01 ppm and an average response time of 15 sec [21]. It has been
mentioned that thin films of tetrafluorinated phthalocyanine of other metals (viz. with
M = Pb, VO, Fe) also exhibited sensor response to ammonia, but the detailed characteristics
of the sensors were not investigated. In addition, it is known that in the case of tetraflu-
orosubstituted MPc substituents can be introduced into both peripheral (MPcF4-p) and
non-peripheral (MPcF4-np) positions of the aromatic ring of phthalocyanine (Figure 1). At
the same time, it should be noted that there are only sporadic works on the study of the
sensor properties of MPcF4-np films in the literature [29].

This work is aimed at a comparative analysis of the sensor response of thin films
of a series of tetrasubstituted phthalocyanine of various metals with F-substituent in
peripheral (MPcF4-p, M = Cu, Co, Zn, Pb, VO) and non-peripheral (MPcF4-np) positions
in macroring to low concentrations of ammonia (1–50 ppm). The quantum-chemical
calculations are performed to study the interaction nature between the phthalocyanine
and analyte molecules and to explain the observed regularities. This contributes to a
more complete understanding of the relationship between structure and properties, and
allows the selection of phthalocyanine films with the most attractive properties (sensitivity,
detection limits, response and recovery times) for the development of active layers of
chemiresistive gas sensors for the determination of ammonia.
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Figure 1. Structure of tetrafluorosubstituted metal phthalocyanines with F-substituents in non-
peripheral (MPcF4-np, left) and peripheral (MPcF4-p, right) positions.

2. Materials and Methods

2.1. Synthesis of MPcF4 and Deposition of Their Films

MPcF4-p and MPcF4-np derivatives were synthesized by the method of template
synthesis by fusing a mixture (1:4) of a salt (chloride or acetate) of the corresponding
metal with 4-fluorophthalonitrile (Sigma-Aldrich, CAS 65610-14-2) or 3-fluorophthalonitrile
(Fluorochem, CAS 65610-13-1), respectively, as was described in our previous works in
more detail [30,31]. The prepared MPcF4-p and MPcF4-np powders were purified by
vacuum (10−5 Torr) gradient sublimation; the sublimation temperature was 420–450 ◦C.

Thin films of the phthalocyanines with a nominal thickness of about 100 nm were
deposited by a PVD method in vacuum of 10−5 Torr. Glass slides with pre-deposited
interdigitated Pt electrodes (IDE, G-IDEPT10, Metrohm, DropSens, Spain) were used as sub-
strates; the substrate temperature was 60 ◦C. The IDE has the cell constant of 0.0188 cm−1,
the number of digits of 125 × 2 and the digit length of 6760 μm.

The XRD study of thin films was carried out using a Bruker D8 advance powder
diffractometer (vertical θ-θ goniometer in Bragg–Brentano geometry, Cu-anode sealed tube
40 mA at 40 kV, LYNXEYE XE-T compound silicon strip detector, motorized divergence slit
in fixed sample illumination area mode) with 2θ scan step of 0.01023◦, and the acquisition
time of 2 s/step.

The morphology of the MPcF4-p and MPcF4-np films was studied by atomic force mi-
croscopy (AFM) in the semicontact mode using the Ntegra Prima II nanolaboratory (NT-MDT,
Moscow, Russia). The parameters of the HA_NC probe were as follows: thickness—3 μm, probe
length—123 μm, width—34 mm, force constant—17 N/m, resonant frequency—230 kHz. A
Nova SPM software (standards ISO 4287-1, ISO 4287, and ASME B46) was used to calculate
roughness parameters.

2.2. Investigation of the Chemiresistive Sensor Response

Sensor properties of the investigated films were studied by measuring the change in
the resistance when exposed to ammonia in a wide range of concentrations (1–100 ppm).
The change in the resistance was measured using a Keithley 236 universal electrometer by
applying a constant DC voltage (10 V). The normalized sensor response was calculated
as Rn = (R − Ro)/Ro; where R is the steady resistance of the MPcF4 film at a certain NH3
concentration and Ro is the baseline resistance of the film in air. Three different samples
were used to calculate the standard deviation of the values of sensor response. The scheme
of the installation for studying sensor properties and a photograph of a flowing gas cell
were presented in our previous publication [29].

Pure commercial NH3 gas (Company “Chistye Gasy”, Novosibirsk, Russia) was used as
an analyte source; air was used as a carrier and diluent gas. The gas flow was regulated using
mass flow regulators and passed through the cell at the constant flow rate of 300 mL·min−1.

94



Chemosensors 2022, 10, 515

2.3. Quantum-Chemical Calculations

Quantum-chemical calculations of the geometric structure and total energies of MPcF4-p
and MPcF4-np with ammonia molecules were carried out by the DFT method using the BP86
GGA functional [32,33], def2-SVP basis set of atomic orbitals [34], DFT-D3 dispersion inter-
action corrections [35,36], RI approximation [37–42], and the corresponding Def2/J auxiliary
basis set [43]. The ORCA software package (version 5.0.2) was used for the calculations [44,45].
After optimizing the geometry of the compounds under consideration, their vibrational spec-
tra were calculated to make sure that there were no negative frequencies and, as a result,
that the calculated geometries corresponded to the ground states. The choice of the BP86
functional and the def2-SVP basis set was due to the fact that this combination allowed us
to accurately describe the geometric structure of 3D metal complexes [46]. Visualization of
the structure of the compounds under consideration was carried out using the ChemCraft
program and the AIMStudio module of the AIMAll software package [47].

The location of four fluorine atoms in the peripheral and non-peripheral positions of
cobalt phthalocyanine corresponded to the Cs symmetry point group of both CoPcF4-p and
CoPcF4-np molecules, since it was previously shown that the formation of these isomers
was preferable to the molecules with D2h, C2v, or C4h symmetries [48]. However, symmetry
constraints were not used during the calculations. The location of four fluorine atoms in
the case of VOPcF4-np and VOPcF4-p was analogous (Figure 1). The spin multiplicity of
all compounds, including those containing an ammonia molecule, was equal to two, so
the calculations were performed in the framework of the spin-unrestricted Kohn–Sham
theory (UKS).

After optimizing the geometry of the considered aggregates, the binding energy Eb
of the NH3 molecule with phthalocyanine was calculated from the difference in the total
energies of both molecules separately, the geometry of which was also optimized, as well
as their aggregate, as

Eb = ENH3 + EMPcF4−(p)np − EMPcF4−(p)np/NH3
− ΔEBSSE (1)

where ΔEBSSE is the correction to the binding energy, taking into account the basis set
superposition error [49,50], which in turn was estimated as follows:

ΔEBSSE =
(

E∗
MPcF4−(p)np + E∗

NH3

)
−

(
E∗

MPcF4−(p)np∗ + E∗
NH∗

3

)
(2)

Here, an asterisk in the superscript indicates that MPcF4-(p)np and NH3 geometries,
respectively, were taken from an optimized aggregate of phthalocyanine and ammonia
molecules, while their geometry optimization was not carried out, but only the total energies
calculation was performed. An asterisk in the subscript means that the indicated fragment
of the whole aggregate was considered, while the points described by the corresponding
basis sets of atomic orbitals were considered instead of the second fragment atoms.

Next, the electron wave functions of the optimized MPcF4-(p)np/NH3 aggregates
were calculated using the cc-pVTZ basis set of atomic orbitals [51]. Using these wave
functions and the AIMAll software package [47], a topological analysis of the electron
density distribution ρ(r) in the considered structures was performed in the framework
of the QTAIM theory [52–54]. In particular, the values of ρ(r) and its Laplacian ∇2ρ(r)
were obtained at bond critical points (BCPs), characterizing the interaction of ammonia
molecules with phthalocyanine atoms.

3. Results

3.1. Characterization of MPcF4 Films

XRD patterns of MPcF4-p and MPcF4-np thin films are shown in Figure 2. Diffrac-
tion patterns of all thin films except VOPcF4-np contain single strong diffraction peak in
6÷7 ◦2θ area, which may indicate a preferred orientation of crystallites within thin film. For
the films of Cu, Co and Zn phthalocyanines (both –p and –np), the positions of diffraction
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peaks match well with the first peak on their powder diffraction patterns calculated from
respective crystal structure data [31,55,56]. An additional weak (0–12) diffraction peak
is also visible on the diffraction pattern of a CuPcF4-p film, indicating that its preferred
orientation is weaker compared to others. The diffraction pattern of the VOPcF4-p film
also contains a second peak, but its corresponding interplanar distance is half of the po-
sition of the first peak, which means that both of these peaks belong to the same group
of lattice planes, which is often observed for films with a strong preferred orientation.
The positions of these peaks do not coincide with the calculated diffraction pattern, in-
dicating that the VOPcF4-p film consists of another crystalline phase with an unknown
crystal structure [56]. On the other hand, the position of the diffraction peak observed
on the VOPcF4-np diffraction pattern coincides with the calculated diffraction patterns
of both known VOPcF4-np polymorphs (peak (−222) or (004)). However, both of these
VOPcF4-np polymorphs have a similar structure, with molecules packed in 2D layers, and
these diffraction peaks correspond to the distance between these molecular layers.

θ θ

Figure 2. XRD patterns of MPcF4-p and MPcF4-np thin films in the 2θ range of 5–30◦.

The X-ray pattern of the PbPcF4-p film has several weak diffraction peaks in addition
to the main peak, which coincide with the data of the single crystal [20]. This indicates a
weak preferred orientation in the thin film. Finally, the diffractogram of the PbPcF4-np film
has one strong diffraction peak and one weak diffraction peak, neither of which correspond
to the data of the single crystal. This means that the PbPcF4-np film consists of an unknown
crystalline phase but has a more preferred orientation compared to PbPcF4-p.

Using the FWHM values of the observed diffraction peak, it is possible to estimate the
size of the coherent scattering region for all investigated films using the Scherrer equation.
Taking into account the instrumental broadening of the peak, which is 0.05◦ for the Bruker
D8 advance powder diffractometer (measured using LaB6 SRM-660a powder as a reference),
the coherent scattering regions are 30 nm for CuPcF4-p, 41 nm for CoPcF4-p, 19 nm for
ZnPcF4-p, 150 nm for VOPcF4-p, and 20 nm for PbPcF4-p. For CuPcF4-np, CoPcF4-np,
ZnPcF4-np, VOPcF4-np, and PbPcF4-np films, these values are 110 nm, 69 nm, 85 nm,
32 nm, and 34 nm, respectively.

Finally, knowing the plane of preferred orientation and the crystal structure of the film,
it is possible to calculate the angle between the substrate surface and the phthalocyanine
molecules inside the crystallites. The obtained inclination angles are 82.72◦ for CuPcF4-p,
81.07◦ for CoPcF4-p, 80.28◦ for ZnPcF4-p, 90◦ for PbPcF4-p (due to the tetragonal space
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group), 83.36◦ and 89.08◦ for CuPcF4-np, 78.15◦ and 80.99◦ for CoPcF4-np, 78.51◦ for
ZnPcF4-np and 0.39◦ for VOPcF4-np. Two values are given for CuPcF4-np and CoPcF4-
np, since their crystal structures contain two symmetrically unequal molecules. A visual
representation of the orientation of the molecules relative to the substrate surface is shown
in Figure 3.

 

Figure 3. Orientation of MPcF4-p and MPcF4-np molecules relative to the substrate surface.

The morphology of the films was studied by atomic force microscopy. The AFM
images of films of tetrafluorosubstituted phthalocyanines of cobalt, vanadyl and zinc are
shown in Figure 4 as examples. The morphology of CoPcF4-np and CoPcF4-p films is very
similar. The surface of CoPcF4 films is formed by elongated crystallites with a width of 50
to 100 nm and a length up to 200 nm. The root mean square (RMS) roughness is 4.04 nm
and 4.18 nm for the CoPcF4-p and CoPcF4-np films, respectively. The VOPcF4-p film is also
formed by elongated crystallites that are oriented parallel to the substrate surface with their
larger face, while in the VOPcF4-np film, the crystallites are oriented almost perpendicular
to the substrate surface. The RMS roughness of VOPcF4-p and VOPcF4-np films are 7.6
and 5.9 nm, respectively. The surface of both films of ZnPcF4 consists of slightly rounded
crystallites with the size reaching 70 nm. The RMS roughness of ZnPcF4-np and ZnPcF4-np
films are 9.54 and 4.44 nm, respectively.

3.2. Sensor Properties of MPcF4 Films
3.2.1. Comparative Study of the Sensor Response of MPcF4-p and MPcF4-np Films
to Ammonia

A typical chemiresistive sensor response, which is an increase in the resistance of the
film when ammonia is injected into the cell and the resistance returns to its original value,
after purging the cell with air, is shown in Figure 5 for the film of CoPcF4-p as an example.

The films of all investigated MPcF4-p and MPcF4-np films demonstrate an increase in
the resistance of the film when ammonia is injected into the cell, which is typical for metal
phthalocyanines, exhibiting p-type semiconductor behavior [57]. When NH3 adsorption
occurs on the surface of a phthalocyanine film, the electron density transfers from the
NH3 molecule to the film. This reduces the concentration of the main charge carriers and
increases the resistance. After purging the gas cell with air, NH3 removes from the film
surface, which leads to a return of resistance to its initial value. The sensor response to
ammonia in the investigated concentration range from 1 to 50 ppm is completely reversible
at room temperature.
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Figure 4. AFM images of CoPcF4-p (a), CoPcF4-np (b), VOPcF4-p (c), VOPcF4-np (d), ZnPcF4-p (e),
and ZnPcF4-np (f) films.

Figure 5. Typical chemiresistive sensor response of a CoPcF4-p film to ammonia (1–5 ppm), measured
at room temperature.

To compare the sensor properties of MPcF4 with different central metals and positions
of F-substituents, the sensor response of all films was measured at the same experimental
conditions. The resulted dependencies of the value of the sensor response of all investigated
films on ammonia concentration in the range from 1 to 50 ppm are shown in Figure 6.
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Figure 6. Dependence of the sensor response of MPcF4-p and MPcF4-np films on ammonia concen-
tration (1–50 ppm), measured at room temperature.

Figure 6 shows that, in the case of MPcF4-p, the sensor response increases in the order
CuPcF4-p < PbPcF4-p ~ ZnPcF4-p < VOPcF4-p < CoPcF4-p, while in the case of MPcF4-
np the order is slightly different: PbPcF4-np < CuPcF4-np ~ ZnPcF4-np < VOPcF4-np <
CoPcF4-np. For both types of substitution, cobalt phthalocyanine derivatives demonstrate
the maximal value of the response to ammonia, followed by vanadyl phthalocyanines.
The sensor response of cobalt phthalocyanine derivatives to 10 ppm NH3 is more than
3–14 times higher than in the case of other MPcF4-p, and 1.5–10 times higher than in the
case of other MPcF4-np, depending on the type of central metal ion. When comparing
phthalocyanines with different positions of F-substituents in the macroring, MPcF4-p films
exhibit a higher sensor response than MPcF4-np ones. For example, the sensor response of
CoPcF4-p to 10 ppm NH3 is about six times higher than that of CoPcF4-np.

All investigated phthalocyanine films demonstrate linear dependencies of the sensor
response on ammonia concentration in the range from 1 to 10 ppm. The limits of ammonia
detection (LOD), calculated as 3σ/m (σ is the standard deviation of the sensor response to
1 ppm NH3 and m is the slope of the calibration plot in the linear region of 1–10 ppm) are
summarized in Table 1. The values of the response and recovery time determined upon
exposure of the films with 5 ppm NH3 (Figure 7) are also given in Table 1.

Table 1. Limits of ammonia detection (LOD), response and recovery times of MPcF4-p and MPcF4-
np films.

Sensing Layer LOD, ppm
Response Time, s

(at 5 ppm)
Recovery Time, s

(at 5 ppm)

CoPcF4-p 0.01 55 215
VOPcF4-p 0.04 48 270
ZnPcF4-p 0.01 45 210
PbPcF4-p 0.65 40 250
CuPcF4-p 0.75 40 240

CoPcF4-np 0.11 60 215
VOPcF4-np 0.87 62 350
ZnPcF4-np 0.08 35 155
PbPcF4-np 1.82 40 110
CuPcF4-np 1.49 55 90
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Figure 7. Sensor response of MPcF4-p and MPcF4-np films (M = Co, VO) to ammonia (5 ppm),
measured at room temperature.

3.2.2. Quantum-Chemical Modeling of the Interaction of the NH3 Molecule
with Phthalocyanines

To explain the effect of the stronger sensor response of MPcF4-p phthalocyanines
compared to MPcF4-np toward ammonia, quantum-chemical modeling of the interaction
of the NH3 molecule with them was carried out. In this case, the complexes of cobalt and
vanadyl, which are examples of phthalocyanines with a planar and non-planar structure,
were considered.

Despite the fact that the bond of ammonia with the central metal in the phthalocyanine
molecule is stronger, we considered the interaction of NH3 with the side atoms of the
macrocycles (Figures 8 and 9). This choice of sites for the adsorption of NH3 molecules
was due to two reasons. First, the strong binding of ammonia to metal atoms with the
formation of a coordination bond complicates its desorption under normal conditions,
and, as a consequence, can lead to an irreversible sensor response, which contradicts
experimental data [29]. Second, the typical distance between phthalocyanine molecules
in a stack is about 3.4 Å [55]. This is slightly larger than the van der Waals diameter of
the nitrogen atom, and approximately equal to the diameter of the carbon atom, which
is due to the π-π-interaction between macrocycles. Therefore, there is not enough space
for the ammonia molecule between two phthalocyanine macrocycles. That is precisely
why the probability of the formation of a strong bond between a metal atom and the NH3
molecule is low. Moreover, Chia et al. [58] demonstrated that ammonia did not interact
with the metal center of the unsubstituted copper phthalocyanine, using the methods of
in situ X-ray absorption spectroscopy (XAS) and EXAFS. The EXAFS study showed that
the interaction occurred at the benzene ring or bridging nitrogen atom of the macrocycle.
We have previously proposed and considered the mechanism of the sensor response of
hybrids of carbon nanotubes with phthalocyanines, which is associated with a decrease in
their electrical conductivity during the formation of hydrogen bonds between the ammonia
molecule and side atoms of phthalocyanines [59].

100



Chemosensors 2022, 10, 515

 

Figure 8. Structure of CoPcF4-np/NH3 and CoPcF4-p/NH3 aggregates and bond critical points
(BCP) in them. Red circles indicate BCPs characterizing the interaction of the ammonia molecule with
phthalocyanine atoms.

In the process of geometry optimization, it was found that in all cases, except for
VOPcF4-np/NH3-1 and CoPcF4-np/NH3-1, the NH3 molecule occupies an equilibrium
position in such a way that its nitrogen atom is approximately in the same plane as the
phthalocyanine molecule. In this case, the distance of ammonia from the macrocycle can
be characterized using the distance d between the nitrogen atom of the NH3 molecule
and the nearest bridging nitrogen atom of phthalocyanine (Tables 2 and 3). In the case of
VOPcF4-np/NH3-1 and CoPcF4-np/NH3-1, the ammonia molecule occupies an equilibrium
position above the macrocycle plane, which contradicts the above idea that this molecule
cannot fit into the space between two adjacent phthalocyanines in the stack. Therefore,
these two aggregates were excluded from further consideration.
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Figure 9. Structure of VOPcF4-np/NH3 and VOPcF4-p/NH3 aggregates and bond critical points
in them. Red circles indicate BCPs characterizing the interaction of the ammonia molecule with
phthalocyanine atoms.

Table 2. The interaction parameters of the NH3 molecule with cobalt phthalocyanines.

Compound Eb, eV d, Å BCP Atoms * ρ(r), e/Å3 ∇2ρ(r), e/Å5

CoPcF4-np/NH3-2 0.036 4.251
1 H-N 0.083 0.880
2 F-H 0.066 1.058

CoPcF4-np/NH3-3 0.035 4.270
1 H-N 0.083 0.885
2 F-H 0.066 1.060

CoPcF4-np/NH3-4 0.130 3.236
1 H-N 0.137 1.526
2 N-H 0.123 1.238
3 H-N 0.099 1.070

CoPcF4-p/NH3-1 0.160 3.192
1 H-N 0.146 1.567
2 N-H 0.135 1.334
3 H-N 0.094 1.009

102



Chemosensors 2022, 10, 515

Table 2. Cont.

Compound Eb, eV d, Å BCP Atoms * ρ(r), e/Å3 ∇2ρ(r), e/Å5

CoPcF4-p/NH3-2 0.161 3.209
1 H-N 0.137 1.502
2 N-H 0.131 1.300
3 H-N 0.095 1.023

CoPcF4-p/NH3-3 0.162 3.207
1 H-N 0.137 1.504
2 N-H 0.131 1.304
3 H-N 0.095 1.023

CoPcF4-p/NH3-4 0.158 3.203
1 H-N 0.138 1.516
2 N-H 0.133 1.312
3 H-N 0.093 1.005

* The first atom belongs to the phthalocyanine molecule and the second one belongs to the ammonia molecule.

Table 3. The interaction parameters of the NH3 molecule with vanadyl phthalocyanines.

Compound Eb, eV d, Å BCP Atoms * ρ(r), e/Å3 ∇2ρ(r), e/Å5

VOPcF4-np/NH3-2 0.035 4.213
1 H-N 0.085 0.904
2 F-H 0.065 1.050

VOPcF4-np/NH3-3 0.034 4.220
1 H-N 0.085 0.904
2 F-H 0.065 1.053

VOPcF4-np/NH3-4 0.144 3.227
1 H-N 0.137 1.519
2 N-H 0.125 1.256
3 H-N 0.096 1.038

VOPcF4-p/NH3-1 0.174 3.179
1 H-N 0.148 1.570
2 N-H 0.139 1.360
3 H-N 0.091 0.979

VOPcF4-p/NH3-2 0.173 3.196
1 H-N 0.138 1.502
2 N-H 0.135 1.327
3 H-N 0.093 0.997

VOPcF4-p/NH3-3 0.173 3.195
1 H-N 0.138 1.504
2 N-H 0.135 1.328
3 H-N 0.092 0.996

VOPcF4-p/NH3-4 0.170 3.190
1 H-N 0.140 1.518
2 N-H 0.137 1.338
3 H-N 0.091 0.980

* The first atom belongs to the phthalocyanine molecule and the second one belongs to the ammonia molecule.

The binding energy in CoPcF4-p/NH3-x (x = 1–4, Figures 8 and 9) aggregates varies
from 0.158 eV to 0.161 eV, which exceeds the values of 0.035–0.130 eV obtained for CoPcF4-
np/NH3-x (x = 2–4) (Tables 2 and 3). Stronger binding of the NH3 molecule has a stronger
effect on the electronic structure of phthalocyanine and, as a result, on the conductivity
of the macrocycle stack. At the same time, in the case of the peripheral position of F-
substituents, the ammonia molecule is located deeper in the cavity between adjacent
benzene rings and closer to the bridging nitrogen atom; that is, d varies in the range of
3.192–3.209 Å. In the case of a non-peripheral position of the F-substituents, this distance is
larger and equal to 3.236–4.270 Å.

The CoPcF4-np/NH3-4 aggregate, in which there are no fluorine atoms in the cavity
where the ammonia molecule is embedded, should be separately noted. This arrangement
allows the ammonia to approach the phthalocyanine nitrogen bridge atom in such a way
that the corresponding distance d is 3.236 Å, and the binding energy is 0.130 eV. These
values are close to those obtained for all four CoPcF4-p/NH3-x aggregates. This means that
fluorine atoms in non-peripheral positions, due to their size and the larger carbon-fluorine
distance compared to the carbon–hydrogen distance, prevent the NH3 molecule from
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approaching the macrocycle closely, which causes a weaker binding of ammonia and its
lesser effect on the electronic phthalocyanine structure.

The topological analysis of the electron density distribution in aggregates with CoPcF4
made it possible to find the bond critical points between the atoms of ammonia and phthalo-
cyanine (Figure 8). In particular, it was shown that in all cases of CoPcF4-p/NH3-x there
are three such points, two of which (BCP1 and BCP3) are located between the hydrogen
atoms of phthalocyanine and the nitrogen atom of the NH3 molecule, and one (BCP2), on the
contrary, between one of the ammonia hydrogen atoms and the bridging nitrogen atom of
phthalocyanine. A similar situation is observed in the case of CoPcF4-np/NH3-4. The values
of ρ(r) and ∇2ρ(r) at these points are in the ranges of 0.093–0.146 e/Å3 and 1.005–1.567 e/Å5

(Table 1), respectively. This indicates the formation of hydrogen bonds between the ammonia
and phthalocyanine molecules since it was previously shown that the criterion for this is
the values of the electron density and its Laplacian in the ranges of 0.013–0.236 e/Å3 and
0.578–3.350 e/Å5 [60].

Since the fluorine atoms in the considered phthalocyanine molecules are located
asymmetrically relative to the rotation axis passing perpendicular to the macrocycle plane
through the metal atom, there are four nonequivalent sites for attaching the NH3 molecule
in each phthalocyanine. These sites are located between adjacent benzene rings opposite
the bridging nitrogen atom. Consequently, in the case of each phthalocyanine, all four
positions of the attachment of ammonia molecule were considered, and the corresponding
aggregates were further designated as MPcF4-p/NH3-x or MPcF4-np/NH3-x, where x = 1,
2, 3, or 4 (Figures 8 and 9).

In the case of the CoPcF4-np/NH3-2 and CoPcF4-np/NH3-3 aggregates, the interaction
of the NH3 molecule with phthalocyanines can be characterized by the presence of two
BCPs: the first one (BCP1) is between the phthalocyanine hydrogen atom and the ammonia
nitrogen atom, and the second one (BCP2) is between the phthalocyanine fluorine atom
and one of the ammonia hydrogen atoms (Figure 8). The values of ρ(r) and ∇2ρ(r) at these
points are significantly lower than in the case of CoPcF4-p/NH3-x, which is consistent with
the lower Eb values, but they also indicate the formation of hydrogen bonds.

The results of quantum-chemical calculations of the VOPcF4-np/NH3 and VOPcF4-
p/NH3 aggregates are almost completely equivalent to those obtained for the cobalt
complexes, namely the binding energy of NH3 with VOPcF4-p is higher than in the case
of VOPcF4-np derivative. The topological analysis of the electron density distribution in
the VOPcF4-np/NH3 and VOPcF4-p/NH3 aggregates showed that the values of ρ(r) and
∇2ρ(r) at the bond critical points between the ammonia and phthalocyanine atoms are
close to those obtained in the case of cobalt complexes. Consequently, the formation of
hydrogen bonds is also observed during the interaction of the NH3 molecule with the side
atoms of vanadyl phthalocyanines. However, it is necessary to mention that the binding
energy values in the VOPcF4-p/NH3-x and VOPcF4-np/NH3-4 aggregates (Table 3) are
slightly higher than in the case of the corresponding cobalt phthalocyanine derivatives.

If we compare the calculation data with the data of the experimental study of the
sensor response, it can be noted that the sensor response of VOPcF4 derivatives, on the
contrary, is lower than CoPcF4, whereas their relaxation time is higher in the case of CoPcF4.
It should be noted here that the bond strength is not the only factor affecting the sensor
response. The proposed model is applicable only to explain the effect of the position of
substituents on the value of the sensor response; however, it does not allow for taking into
account the influence of the central metal. Perhaps this was due to the fact that an isolated
phthalocyanine molecule was considered. In crystals and films, phthalocyanine molecules
are packed in stacks and the conductivity of the films and charge transfer are determined
by intermolecular interactions. Taking into account the different packing of cobalt and
vanadyl phthalocyanines, ways of overlapping π-orbitals of neighboring macrocycles, and
the nature and location of the central metals, it can be assumed that the charge transfer
processes in these structures as a result of ammonia adsorption will differ. This issue
requires further in-depth consideration, and, apparently, quantum chemical calculations of
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individual molecules will not be enough. Therefore, in the future, in order to consider the
influence of various central metals on the sensor response, it will be necessary to model
stacks of phthalocyanine molecules in the form of large clusters or periodic structures.

These statements are also confirmed by additional quantum-chemical calculations of
the binding energy of the ammonia molecule with other phthalocyanines MPcF4-p and
MPcF4-np, where M = Cu, Zn, and Pb, performed using the same approach. The results are
similar to those observed in the case of cobalt and vanadyl phthalocyanines. Firstly, the
peripheral positions of fluorine atoms are a more favorable factor for the stronger binding
of the NH3 molecule than the non-peripheral positions (Table 4). Secondly, the binding
energies of the ammonia molecule with MPcF4-p and MPcF4-np where M = Cu, Zn, and
Pb are close to those obtained in the case of cobalt and vanadyl phthalocyanines. Thirdly,
when passing from one metal phthalocyanine to another, the tendency of changing Eb
values does not agree with the experimentally established order, changing the value of the
sensor response.

Table 4. The binding energies (in eV) of the NH3 molecule with MPcF4 (M = Cu, Zn, Pb) phthalocyanines.

Compound NH3 Position M = Cu M = Zn M = Pb

MPcF4-np/NH3

2 0.037 0.037 -
3 0.036 0.036 -
4 0.145 0.151 0.144

MPcF4-p/NH3

1 0.172 0.179 0.173
2 0.172 0.179 0.172
3 0.173 0.179 0.172
4 0.169 0.176 0.169

It is necessary to mention that, in the case of lead phthalocyanines, the planar structure
of the macrocycle is strongly distorted. For this reason, the size of the cavities in which
the location of ammonia is considered decreases. As a result, the NH3 molecule cannot
be localized in positions two and three, where fluorine atoms are present, and in the
process of geometry optimization, a structure with NH3 above the macrocycle is formed as
shown in Figure 10. For this reason, the binding energies of NH3 in PbPcF4-np/NH3-2 and
PbPcF4-np/NH3-3 aggregates were not calculated (Table 4).

 
Figure 10. Structure of PbPcF4-np/NH3 aggregates. The indicated plane passes through bridge
nitrogen atoms to show the position of the NH3 molecule relative phthalocyanine surface, numbers
1–4 indicate type of aggregate.

Thus, there are significantly fewer places for ammonia adsorption in PbPcF4-np than
in all other MPcF4-np, and attachment can occur only at position four (Figure 10), at which
there are no fluorine atoms in the considered cavity. This result is consistent with the fact
that PbPcF4-np films have the lowest sensor response in the experiment.
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3.2.3. Detailed Study of the Sensor Characteristics of MPcF4-p (M = Co, VO) Films
to Ammonia

For the films of CoPcF4-p and VOPcF4-p, which demonstrate the highest sensor
response among those investigated, the more detailed investigation of the sensor properties
was carried out. Figure 11 shows the sensor response of CoPcF4-p and VOPcF4-p films to
ammonia (3 ppm) and the change in their resistance at a different relative humidity (RH).
An increase in RH causes a growth of the films’ resistance, since, like ammonia, water is an
electron donating molecule. At the same time, an increase in RH up to 40% does not affect
the base resistance and the response, while an increase in humidity up to 80% results in a
noticeable (1.6 time for a CoPcF4-p film and 4.7 time for a VOPcF4-p film) increase in the
sensor response.

Figure 11. The sensor response of CoPcF4-p and VOPcF4-p films to ammonia (3 ppm) and the change
in their resistance at different humidity.

The operating temperature is a unique characteristic of each sensor. The sensor
response of cobalt and vanadyl phthalocyanine layers to ammonia was tested at 25, 40, and
80 ◦C. An increase in temperature leads to an increase in response (Figure 12). This behavior
appears to be associated with an increase in the concentration of charge carriers in p-type
semiconductors with an increase in temperature [61]. The increase in the concentration
of charge carriers is also confirmed by a slight decrease in base films resistance of the
films with temperature. An increase in the operating temperature activates the desorption
process, which leads to a decrease in response time. For example, in the case of CoPcF4-p,
when the operating temperature increases from 25 to 80 ◦C, the recovery time decreases
from 215 to 145 s.

The stability and repeatability of the sensor based on cobalt and vanadyl phthalocya-
nines were also tested. The sensor response of a fresh CoPcF4-p film to 3 ppm of ammonia
and the same film after 7, 14, 28, and 120 days is shown in Figure 13a as an example. The
change in both the sensor response and the base resistance does not exceed the measure-
ment error, which indicates good repeatability and long-term stability of the investigated
sensing layer.

To investigate the selectivity with respect to NH3, the response of MPcF4 layers toward
other gaseous analytes was studied (Figure 13b). Pure dry NH3, CO2, and H2S were
used as analytes. Ethanol, acetone, benzene, and formaldehyde vapors were generated by
evaporation of their liquids using an evaporator located inside the test chamber.

It was found that, among reducing gases and volatile organic vapors, the layers
exhibited the maximal response to ammonia, but at a concentration of more than 10 ppm,
hydrogen sulfide can act as an interfering gas.

106



Chemosensors 2022, 10, 515

Figure 12. Sensor response of an MPcF4-p and MPcF4-np (M = Co, VO) layer to ammonia (3 ppm)
measured at 25, 40 and 80 ◦C.

Figure 13. (a) Sensor response of a CoPcF4-p film to ammonia (3 ppm) after 7, 14, 28, and 120 days.
(b) Diagram of sensitivity of a CoPcF4-p film to various gaseous analytes and volatile organic vapors.

Table 5 shows the sensor properties of CoPcF4 films in comparison with the charac-
teristics of some chemiresistive sensors to ammonia described in the literature [62–65].
The presented sensor characteristics of a CoPcF4-p film are comparable to or even exceed
the characteristics of sensors based on semiconductor oxides and nanomaterials listed in
Table 5. Thus, active layers based on CoPcF4-p and VOPcF4-p are promising materials for
creating sensors for the detection of low concentrations of ammonia in the air.

Table 5. Sensor characteristics of various chemiresistive sensors to ammonia.

Material
Concentration
Range, ppm

LOD, ppm Response, %
Response/Recovery

Time, s
Ref.

polyimide-SnO2/rGO 50–800 15 5.16 (100 ppm) 94/57 [62]

MXene/Graphene
composite 0.5–100 0.056 25 (100 ppm) 26/148 [63]

ZnO and WO3·H2O
composite 2–100 0.76 ~15 (10 ppm) 2.4/1.2 [64]

SWCNT-TiOPc 5–50 n/a 1.76 (50 ppm) 120 (fixed)/~40 [65]

CoPcF4-p 1–50 0.01 42 (5 ppm) 55/215 Our work

VOPcF4-p 1–50 0.04 15 (5 ppm) 48/270 Our work
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4. Conclusions

A comparative analysis of the chemiresistive sensor response of thin films of a series of
tetrasubstituted phthalocyanine of various metals with F-substituent in peripheral (MPcF4-p,
M = Cu, Co, Zn, Pb, VO) and non-peripheral (MPcF4-np) positions in macroring to low
concentrations of ammonia (1–50 ppm) was carried out. It was found that, in the case of
MPcF4-p, the sensor response increases in the order CuPcF4-p < PbPcF4-p ~ ZnPcF4-p <
VOPcF4-p < CoPcF4-p, while in the case of MPcF4-np the order is slightly different: PbPcF4-np
< CuPcF4-np ~ ZnPcF4-np < VOPcF4-np < CoPcF4-np. When comparing phthalocyanines
with different positions of F-substituents in the macroring, MPcF4-p films exhibit a higher
sensor response than MPcF4-np ones. The sensor response to ammonia was completely
reversible at room temperature. For the films of CoPcF4-p and VOPcF4-p, which demonstrate
the highest sensor response among those investigated, the more detailed investigation of
the sensor properties was carried out. It was shown that a CoPcF4-p film demonstrated the
calculated LOD of 0.01 ppm with the recovery time of 215 s, while a VOPcF4-p film had a LOD
of 0.04 ppm and the recovery time of 270 s. Both sensors had good repeatability and long-term
stability. The selectivity test showed that CO2, ethanol, acetone, benzene, and formaldehyde
did not interfere with the determination of ammonia, while H2S at the concentration more
than 10 ppm could act as an interfering gas.

It was shown as a result of quantum-chemical modeling that the observed regularities
are best described by the interaction of an ammonia molecule with cobalt and vanadyl
phthalocyanines through the formation of hydrogen bonds between NH3 and side atoms of
the phthalocyanine. In the case of phthalocyanine with a peripheral position of F-substituents,
the NH3 molecule approaches the macrocycle more closely and binds more strongly than in
the case of phthalocyanines with non-peripheral positions of F-substituents. The stronger
binding leads to a stronger effect of the ammonia molecule on the electronic structure of
phthalocyanine and, as a consequence, on the electrical conductivity of the film. This, in
turn, causes a stronger sensor response of MPcF4-p films to ammonia than in the case of
MPcF4-np ones. However, the proposed model is applicable only for explaining the effect
of the position of substituents on the value of the sensor response; it does not allow for
taking into account the influence of the central metal. Perhaps this was due to the fact that
an isolated phthalocyanine molecule was considered. Therefore, in the future, in order to
consider the effect of central metals on the sensor response, it will be necessary to model
stacks of phthalocyanine molecules in the form of large clusters or periodic structures.
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Abstract: This paper presents the results of systematic studies of the atomic structure of the layered
bulk, bilayer, and monolayer of diamene (a two-dimensional diamond monolayer recently synthe-
sized by various methods) functionalized with fluorine and hydroxyl groups with the chemical
formulas C2F and C2OH. The results of our calculations show that both types of diamene under
discussion have a wide optical gap corresponding to the absorption of light in the UV spectral
range. The formation of a boundary between these two types of diamene layers leads to a significant
decrease in the band gap. Therefore, this layered material, with an interface between fluorinated and
hydroxylated diamenes (C2F/C2OH structures), can be considered a suitable material for converting
UV radiation into visible light in the orange-yellow part of the spectrum. The adsorption of acetone
or water on the C2F/C2OH structures results in visible changes in the band gap. The effect on
photoemission is different for different detected analytes. The presence of formaldehyde in water
ensures the appearance of distinct peaks in the absorption spectra of structures based on C2F/C2OH.
Our simulation results suggest that the simulated C2F/C2OH structures can be used as chemically
stable, lightweight materials composed of common elements for a highly selective chemical sensor in
liquid and air.

Keywords: 2D materials; volatile organic compounds; formaldehyde; acetone; humidity; downconversion

1. Introduction

In the last decade, luminescent sensor materials have been widely discussed both
experimentally [1–3] and theoretically [4–6]. The advantages of this class of materials are
the stability of the sensing characteristics in external electric and magnetic fields and the
possibility of separating the sensitive and detecting parts of the device [7,8]. The latter
property makes it possible to use luminescent sensor materials in remote areas and/or in
hazardous environments. Complex compounds with lanthanides are usually considered
promising for use as luminescent sensor materials [7,9]. In addition to the rarity and
cost of the lanthanides, another disadvantage of these compounds is the deterioration
of perceptual characteristics in a humid environment. Thus, it is necessary to develop
an alternative effective luminescent sensing material that is reliable in various harsh and
humid conditions and is built from common elements.

When stability is essential, diamonds are an obvious choice for transparent materials.
Bulk diamonds are less commonly used as sensors. However, thin diamond layers and
submicron diamond particles can be used to design sensors. Thus, diamond particles
50–100 nm in size with nitrogen-vacancy fluorescent centers have recently been used for
local determination of the pH of the medium inside biological cells in real time using the
method of optically detected magnetic resonance [10]. Thin layers based on diamond-like
carbon or nanocrystalline diamond can be used as carriers of grafted molecular structures—
sensitive molecules that can be used as sensors. For example, a diamond surface terminated
by atomic hydrogen can be used to design gas sensors [11]. In the latter case, the change
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in the electrical properties of the surface during the sorption of external agents from
the atmosphere is monitored. The surface of a diamond can also be a carrier of grafted
hydrophobic polymer structures that facilitate the separation of the studied analyte in
the sensor from the aqueous medium [12]. In this case, infrared absorption spectroscopy
in the total internal reflection mode is used to study the analyte absorbed inside the
polymer. In turn, diamond doped with boron can act as an electrode for a number of inert
electrochemical sensors with nanomolar threshold sensitivity [13,14]. The advantage of the
diamond lattice is its inertness to external agents and environments.

Two-dimensional diamonds (see Figure 1a,b) or diamenes were initially predicted the-
oretically [15] and, decades later, synthesized in several experiments by different research
groups [16,17] (for review, see Ref. [18]). Functional groups on the surface play essential
roles in the stabilization of 2D-diamond morphology. Experimental works demonstrate
that hydrogenation of the surface allows for the formation of structures that are stable only
under high pressure [19]. On the contrary, diamene, with its surface functionalized with
fluorine and hydroxyl groups, is rather stable material [18]. Theoretical simulations [15]
and experimental measurements [17] demonstrate that diamenes have a wide energy gap.
The combination of the energy gap corresponding with the UV part of the spectra with
stable and uniform atomic structure makes diamene a prospective wide-gap material for
the optical [20] and chemical [21] sensors.

Figure 1. Side view of optimized atomic structure of diamenes C2OH (a), C2F (b), and part of bulk
diamene with alternating C2F/C2OH structure (d). On the right are corresponding total densities of
states of C2OH and C2F monolayers (c) and C2F/C2OH-structure in bulk (e) and single C2F/C2OH-
layer form. All distances on panels (a,b,d) are reported in nanometers. EF is a Fermi energy.
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In this paper, we report the results of the simulations of the atomic and electronic
structure of the interface between the layers of diamene functionalized by fluorine and the
layers of diamene functionalized by hydroxyl groups. We studied the suitability of these
compounds for probing in air and liquid. Because the presence of acetone in exhaled air is
important for diagnosing early stage diabetes [22], we modeled the adsorption of acetone
from the air on diamene-based compounds. To test the effect of moisture and liquid media,
the interaction of these compounds with water was simulated. To evaluate the effectiveness
of diamene-based compounds as sensors in liquid media, we simulated the interaction of
formaldehyde [23] in aqueous media with diamene-based compounds.

2. Computational Methods

Theoretical modeling was carried out using SIESTA pseudopotential code [24] employ-
ing the generalized gradient approximation (GGA-PBE) [25] for the exchange-correlation
potential in a spin-polarized mode. Van der Waals correction was also taken into account
using the approach proposed by Dion et. al. [26] implemented in SIESTA code. A full
optimization of the atomic positions was carried out, during which the electronic ground
state was consistently found using norm-conserving pseudopotentials [27] for the cores
with a double-ξ-plus polarization basis for the localized orbitals of nonhydrogen atoms and
a double ξ for hydrogen atoms. Note that the used basis corresponded with a minimal basis
set superposition error (BSSE) [28]. Note that the typical van der Waals bonds contribution
from BSSE is about 5 K or 0.42 meV [29], which is three orders smaller than the values of
energy calculated for these systems. The force and total energy were optimized with an
accuracy of 0.04 eV Å−1 and 1.0 meV/cell (or less than 0.02 meV/atom), respectively. The
values of transferred charge were calculated by Bader analysis.

In this paper, we discuss the relationships between atomic structures of various simu-
lated systems and the value of the energy gap between the valence band maximum (VBM)
and conductive band minimum (CBM) in the analyzed periodic systems. The value of
this band gap determines the wavelength of the characteristic fluorescence/luminescence—
more precisely, its lower limit (in the approximation of the absence of the energy states
associated with intrinsic defects in the band gap). In practice, luminescence is excited
by optical short-wavelength laser radiation. This kind of luminescence is called photo-
luminescence (PL). The standard DFT realized in used computational code provides an
underestimation of the values of the bandgap. [30] In the mentioned work, the simple
linear relationship between the measured (Eexp) and calculated within standard DFT (EDFT)
values of the bandgap (in the range from 0 to 7 eV) were reported. Relationships be-
tween empirical values of bandgaps and those calculated within DFT frameworks can be
approximated by a semiempirical formula:

Eexpt = 0.8 eV + 1.1EDFT (1)

We used this formula to estimate the correct values of the bandgaps based on the
results of our DFT calculations.

The values of interlayer binding energies were calculated by the following standard formula:

Ebind = (Em1 + Em1 − Einter)/n (2)

where Em1 and Em2 are the calculated total energies of the free-standing isolated monolayers
forming the interface when in contact, Einter is the calculated total energy of the resulting
interface, and n is the number of interlayer interactions for each unit of monolayer. The
value of n is equal to one for a bilayer and two for a monolayer. Note that positive binding
energy corresponds to stable interfaces. The enthalpy of adsorption was calculated by a
similar standard formula:

Eads = Ehost+guest − (Ehost + Eguest) (3)
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where Ehost, Eguest, and Ehost+guest are the total energies of the substrate, analyte, and
substrate with adsorbed analyte, respectively.

3. Results and Discussion

3.1. Atomic Structure and Physical Properties of C2F/C2OH Interface in Air

The first step in our modeling was the construction of models of diamond-like C2F and
C2OH monolayers. For this, we used a unit cell of two-layer graphene with AB stacking
under periodic boundary conditions. Two carbon atoms located one above the other were
initially slightly (by 0.1 Å) shifted toward each other to initiate the formation of an interlayer
covalent bond. The carbon atoms belonging to another sublattice were displaced in opposite
directions with the addition of fluorine atoms or hydroxyl groups to these carbon atoms.
After that, complete optimization of the lattice parameters and the positions of atoms was
carried out. The results of the DFT calculations are shown in Figure 1a,b. All carbon atoms
in these structures are located in a tetrahedral environment, which corresponds to sp3

hybridization. Half of the carbon atoms in each sublayer of the diamene are bonded to only
carbon atoms. The other half of the carbons consist of three carbons from the same sublayer
and one surface functional group. The distance between the nearest average parallel lines
passing through the centers of functional groups is about 0.21 nm, and the interlayer
distance is about 0.74 nm with an interlayer distance of 0.36 nm (see Figure 1a,b,d). Note
that the first value (0.21 nm) matches well with the period of straight bands observed in
some carbon nanostructures [31]. Thus, we also assumed the possibility of the formation
of some diamene-like structures during the production of carbon dots. Thus, the atomic
structure of some carbon dots known from the literature should be considered, taking into
account the possibility of the formation of diamene-like structures. Note that the methods
used to produce the mentioned carbon dots are considerably simpler than the modern
methods for the fabrication of diamenes (see Introduction).

Because almost all carbon atoms in these systems have sp3 hybridization, the electronic
structure of both systems has a diamond-like character (see Figure 2c). The key difference
between the two discussed systems (C2F and C2OH) lies in the absolute positions of the
valence band maximum (VBM) and conduction band minimum (CBM) on the energy scale.
The formation of the interface between these two compounds allows for the transfer of
photogenerated electrons from CBM C2OH (about 0 eV) through the interface into the C2F
conductive band with a CBM of about −1.8 eV. A photogenerated hole from the top of the
C2F valence band (about −6 eV) moves through the interface to the C2OH valence bands
with a maximum of about −3.5 eV (see Figure 1c), and further radiative recombination
occurs. To estimate the energy characteristics of the emitted photons, we simulated the
boundary between C2F- and C2OH-terminated atomic layers (see Figure 1d) and estimated
the energy gap of the material under discussion. The calculated density of states of the
C2F/C2OH interface (see Figure 1e) confirmed this initial assumption. The calculated
value of the band gap is about 1.2 eV. Taking into account the underestimation of the band
gap in the standard DFT framework, estimated by Formula (1), the energy of the emitted
photon is about 2.1 eV, which corresponds to a wavelength of about 590 nm and lies in
the orange-yellow part of the visible spectrum. Therefore, C2F/C2OH interfaces can be
considered suitable materials for converting absorbed UV radiation into visible light in the
orange-yellow part of the spectrum. Thus, diamene, like other wide-gap [15] materials, can
be used to convert UV radiation into visible radiation.

The implementation of the scenario considered above is possible only in the presence
of charge transfer between parts of the interface (for a detailed discussion and experimental
evidence, see Ref. [32]). Similar to the work cited above, we calculated the change in the
charge density after the formation of the interface between the C2F and C2OH monolayers.
The calculation results (Figure 2a) demonstrate a visible change in the charge density map
across the interface, which is direct evidence of charge transfer between the C2F and C2OH
monolayers. The value of the transferred charge is about −0.03 e- per unit cell. Note that
the hopping of the electrons across the interface requires overlap between CBM-related
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bands of neighboring layers in the coordinate space. The visualization of these bands (see
Figure 2b) demonstrates the presence of this overlap. An almost identical picture (omitted
due to similarity) could be observed for the overlap between the bands corresponding with
VBM of both constituents of the interface. Therefore, the conversion of UV/blue light to
the longer wavelength of visible light discussed above is possible.

Figure 2. Changes in charge density after formation of C2F/C2OH interface (a), the sequence charge
density of conductive band minimum orbitals of C2F and C2OH in C2F/C2OH interface (b), and
changes in charge density after formation of multilayered water–C2F–water–C2OH–water structure
(c). Cyan and yellow clouds corresponding with decreasing and increasing charge density. The color
scale of the atoms is the same as in Figure 1.

The next step in our simulation was to test the effect of the formation of a bulk
structure from alternating C2F and C2OH monolayers (see Figure 1d). The calculated
atomic structure of the C2F/C2OH bulk structure is similar to that obtained from the
calculations for a single layer. The formation of an infinite alternation of C2F and C2OH
layers leads to insignificant changes in bandwidth values, so the color of the emitted light
does not depend on the number of layers in the system. Because the fabrication of the
bulk structures based on C2F/C2OH by precipitation is much easier than that of single-
layer C2F/C2OH, the production of bulk devices based on diamene can be considered a
realistic proposal.

The next step in our modeling of C2F/C2OH interfaces was the assessment of the
chemical and structural stability of the system. The calculated energies of removal of one
fluorine atom or a single hydroxyl group from the surface of the C2F/C2OH are approxi-
mately 2.5 eV and 1.8 eV, respectively. Therefore, thermal degradation of C2F/C2OH-based
materials requires a temperature of hundreds of degrees Celsius (see reference discussion
in [33]). The binding energies calculated by Formula (2) between the C2F and C2OH mono-
layers are 0.22 and 0.46 meV/unit for the C2F/C2OH bilayer and bulk, respectively. Note
that the energies obtained are typical for hydrogen bonds (about 0.15 eV/bond) [34] and
higher than those calculated for interlayer bonds in graphite (0.04 eV/bond) [35]. Thus,
spontaneous delamination of layers in structures based on C2F/C2OH at room temperature
can be considered unlikely at temperatures below several hundred degrees Celsius.

116



Chemosensors 2022, 10, 480

3.2. Atomic Structure and Physical Properties of C2F/C2OH-Interface in Liquid Media

The C2F/C2OH interface described in the previous section can be considered an inter-
face between hydrophobic (C2F) and hydrophilic (C2OH) surfaces. Known experimental
results demonstrate the possibility of water intercalation between such interfaces, with
the formation of hexagonal ice in the interlayer space [36,37]. To test this scenario, we
increased the supercell along the layers and then quasirandomly placed several water
molecules between and above the layers. Similar to previous works [36,38], the formation
of a monolayer of hexagonal ice was observed (see Figure 3a,b). Note that the ordering of
water molecules in hexagonal ice was obtained by optimizing quasirandomly distributed
water molecules without any initial guidance. The formation of these “bonding clusters”
(also called “iceberg layers”) on surfaces is a fairly common phenomenon and does not
affect the accessibility of the surface to other molecules, which is important for sensors [39].
The incorporation of an ordered layer of water into the interlayer slit affects the charge
transfer between the C2F and C2OH surfaces (see Figure 2b) and affects the band gap
for C2F/C2OH based structures (two-layer and bulk; see Figure 3c). The wavelength of
the characteristic PL of C2F/C2OH-based structures in humid environments, estimated
by Formula (1), is about 400 nm, which corresponds to the violet part of the visible light
spectrum. The blueshift of the PL of structures based on C2F/C2OH in water and a hu-
mid environment makes it possible to use these compounds in humidity sensors, as well
as to detect various chemical compounds in water. Note that the charge transfer (about
−0.01 e- per unit cell) shown in Figure 2c corresponds to the formation of C2F–H2O–C2OH
electrostatic bonds; therefore, C2F/C2OH interfaces can be considered stable in wet and
liquid media. The smaller value of the charge transfer between the layers is caused by an
increase in the distance between the layers and by significant changes in the charge density
on water molecules (see Figure 2c). Note that the effect of water on the diamene-based
sensors described in this section demonstrates the advantage of these compounds over
lanthanide-based luminescent sensor materials, where coordination of active sites by water
could quench the luminescence [7].

Figure 3. (a) Side view of optimized atomic structure of bulk C2F/C2OH system intercalated by
water, and (b) top view of hexagonal patterns formed by water in the interlayer space of the structure
presented in panel (a). (c) Total densities of states of C2F/C2OH single layer and bulk intercalated by
water (solid lines), and total densities of states of corresponding structures without water. The color
scale of the atoms in panel (a) is the same as in Figure 1.
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3.3. Sensing Properties of C2F/C2OH Structures

The sensitivity of the optical properties of structures based on C2F/C2OH to a humid
environment, considered in the previous section, demonstrates the possibility of using these
materials as sensors. To explore this possibility, we modeled the detection of acetone (AC)
in air and formaldehyde (FA) in water (see Figures 4a and 5a). Note that the termination
of structures based on C2F/C2OH can be equally probable with a monolayer of C2F or
C2OH. Thus, to complete the picture, we considered the adsorption of AC both on the
C2F-terminated side and on the C2OH-terminated sides of the C2F/C2OH bilayers. The
results of our calculations show that AC adsorption on both the fluorine and hydroxyl
ends of the C2F/C2OH bilayer leads to a decrease in the calculated band gap from 1.2 to
0.7 eV. The last value, converted by Equation (1), corresponds to radiation in the red region
of the spectrum. The enthalpy of adsorption of AC on the discussed substrate, calculated
by Equation (3), is about −34 kJ/mol. Note that the magnitude of this value is close to
the value of acetone vaporization enthalpy (about 32 kJ/mol at 300 K) [40]. Based on the
formulas derived from our previous works (see, for example, Refs. [18,41]), the estimated
temperature of the desorption of AC from C2F/C2OH is about 45 ◦C. Therefore, C2F/C2OH
can be cleaned from adsorbed AC by simple mild heating. Thus, the redshift in C2F/C2OH
fluorescent radiation may indicate the presence of AC in the air, and this therefore suggests
that C2F/C2OH can be used in a device to detect the presence of AC in exhaled air. Note
that a fairly small amount of material is required for the efficient operation of sensors of
this type. As a rule, a thin layer of the material can be deposited on an area of the same
order as the size of a focused excitation laser beam (3–5 μm), which is not overly intense,
so that there is no heating of intercalating liquids or burning of a carbon substrate, and
luminescence registration can be carried out for several minutes to accumulate signals in
photon counting mode.

Figure 4. Side view of optimized atomic structure of C2F/C2OH single layer with acetone molecule
physically adsorbed on F-terminated side (a), and total densities of states of the C2F/C2OH single
layers before and after adsorption of acetone on different sides (terminations) (b). The color scale of
the atoms in panel (a) is the same as in Figure 1.
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Figure 5. Side view of optimized atomic structure of bulk C2F/C2OH structure intercalated by water
with molecule of formaldehyde (a), and total densities of states of C2F/C2OH single layer intercalated
by water (b) and bulk intercalated by water (c) with and without molecules of formaldehyde (see
panel (a)). The arrows show features in electronic structure corresponding with additional adsorption
in near-UV part of spectra. The color scale of the atoms in panel (a) is the same as in Figure 1.

To evaluate the sensor properties of the systems based on C2F/C2OH in liquid me-
dia, we simulated the interaction of formaldehyde (FA) molecules with bulk and bilayer
C2F/C2OH systems intercalated with water. We started our modeling by replacing one wa-
ter molecule with a single FA molecule in the already-simulated bulk and layered structures
with an intercalated water layer and then carried out a full optimization of lattice constants
and atomic positions. The results of our calculations demonstrate that the presence of a
single FA molecule does not significantly affect the order of water molecules (compare
Figure 5a with Figure 3a). In contrast to AC adsorption from air, the interaction of FA with
the C2F/C2OH structure dissolved in water does not lead to a change in the band gap
either in bulk or in two-layer C2F/C2OH (see Figure 5b,c). However, there are two distinct
peaks near VBM and one distinct peak near CBM. These three peaks can be the sources of
two additional features in the absorption spectra of C2F/C2OH in the near UV region of
the spectrum, and C2F/C2OH can thus be used for simple optical detection of FA in water,
by analogy with the previously discussed MOF-based method. [18]. Unlike the detection of
molecules by detecting changes in the spectrum (color) of emitted fluorescent radiation, the
detection of molecules by detecting changes in the absorption spectrum of the supporting
active nanomaterial (matrix) requires more effort in sample preparation for its use in sensor
devices in order to provide appropriate changes in the intensity of the light transmitted
through a matrix with guest molecules.

The final step of our work was to compare the proposed material with previously
reported carbon-based sensing systems. Graphene-based compounds are usually discussed
as the best prospective materials for carbon-based sensing materials, mainly due to the
changes in their conductivity and in the spectrum of electronic states during the sorption
of external agents by means of van der Waals forces, because they have a zero gap and are
essentially semimetals in the initial state. In contrast, sensors based on graphene oxide or
reduced graphene oxide have a large nonzero gap (~2.2 eV or 1~1.7 eV, depending upon
the degree of reduction). This makes it possible to use the fluorescence of these materials
for the detection of agents that have the properties of luminescence quenchers [42]. Among
the latter are the cations of a number of metals. The same applies to the grafting onto
graphene oxide particles of sensitive fluorescent organic molecules that can effectively
interact with the analyte and whose intrinsic luminescence is not suppressed by a wide-
gap carrier particle [42]. Nanoscale graphene quantum dots also have a gap and exhibit
photoluminescent properties that can be used to detect luminescence quenching agents in
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trace amounts. Graphene quantum dots are sometimes used in combination with other
metal nanoparticles to study the analyte by measuring the optical absorption of the solution
and detecting the spectral shifts associated with plasmon resonance and the presence of the
analyte [43]. The main advantage of the described systems over the proposed C2F/C2OH
system is the developed procedure of the production. The main disadvantage of other
carbon-based materials is that the exact atomic and electronic structure of the materials is
uncontrollable.

4. Conclusions

Based on the results of ab initio modeling, we conclude that layered compounds built
from C2F/C2OH interfaces are stable in air and water. This paper also demonstrates the
possibility of UV light conversion into visible light, as in the case of light-emitting carbon
dots. The adsorption of acetone molecules from the air changes the spectral composition
of emitted radiation from orange-yellow to red. On the contrary, intercalation with water
leads to a blueshift in the luminescence to the violet region of the spectrum. These results
demonstrate that C2F/C2OH-based thin-layer materials have a unique optical response
selectivity for different types of analytes. In contrast to adsorption from the gas phase, the
presence of a formaldehyde molecule in water on or between the layers of materials based
on C2F/C2OH does not change the color of the emitted light, but changes their absorption
spectra in the near-ultraviolet spectral range. Therefore, C2F/C2OH-based materials can
also be proposed as materials for the detection of various simple molecules in both gaseous
and liquid media.
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29. Gutowski, M.; Grzegorz Chałasiński, G. Critical evaluation of some computational approaches to the problem of basis set

superposition error. J. Chem. Phys. 1993, 98, 5540–5554. [CrossRef]
30. van Schilfgaarde, M.; Kotani, T.; Faleev, S. Quasiparticle Self-Consistent GW Theory. Phys. Rev. Lett. 2006, 96, 226402. [CrossRef]
31. Tian, L.; Chen, F.; Ding, H.; Li, X.; Li, X. The influence of inorganic electrolyte on the properties of carbon quantum dots in

electrochemical exfoliation. J. Electrochem. Soc. 2020, 878, 114673. [CrossRef]
32. Ding, M.; Xiao, R.; Zhao, C.; Bukhvalov, D.; Chen, Z.; Xu, H.; Tang, H.; Xu, J.; Yang, X. Evidencing Interfacial Charge Transfer in

2D CdS/2D MXene Schottky Heterojunctions toward High-Efficiency Photocatalytic Hydrogen Production. Solar Rrl 2021, 5,
2000414. [CrossRef]

33. Boukhvalov, D.W.; Dreyer, D.R.; Bielawski, C.W.; Son, Y.-W. A Computational Investigation of the Catalytic Properties of
Graphene Oxide: Exploring Mechanisms by using DFT Methods. ChemCatChem 2012, 4, 1844–1849. [CrossRef]

34. Perrin, C.L.; Nielson, J.B. “Strong” hydrogen bonds in chemistry and biology. Ann. Rev. Phys. Chem. 1997, 48, 511–544. [CrossRef]
[PubMed]

35. Spanu, L.; Sorella, S.; Galli, G. Nature and strength of interlayer binding in graphite. Phys. Rev. Lett. 2009, 103, 196401. [CrossRef]
[PubMed]

121



Chemosensors 2022, 10, 480

36. Kim, J.-S.; Choi, J.S.; Lee, M.J.; Park, B.H.; Boukhvalov, D.W.; Son, Y.-W.; Yoon, D.; Cheong, H.; Park, J.Y.; Salmeron, M. Between
Scylla and Carbides: Hydrophobic Graphene-Guided Water Diffusion on Hydrophilic Substrates. Sci. Rep. 2013, 3, 2309.
[CrossRef]

37. Zheng, Y.; Su, C.; Lu, J.; Loh, K.P. Room-Temperature Ice Growth on Graphite Seeded by Nano-Graphene Oxide. Angew. Chem.
2013, 125, 8870–8874. [CrossRef]

38. 30 Boukhvalov, D.W.; Katsnelson, M.I.; Son, Y.-W. Origin of anomalous water permeation through graphene oxide membrane.
Nano Lett. 2013, 13, 3930–3935. [CrossRef]

39. Wakisaka, A.; Shimizu, Y.; Nishi, N.; Tokumaru, K.; Sakuragi, H. Interaction of hydrophobic molecules with water influenced by
the clustering conditions of acetonitrile–water mixtures. J. Chem. Soc. Faraday Trans. 1992, 88, 1129–1135. [CrossRef]

40. NIST Chemistry Webbook. Available online: https://webbook.nist.gov/cgi/cbook.cgi?ID=C67641&Mask=4 (accessed on
29 October 2022).

41. Bondino, F.; Duman, S.; Nappini, S.; D’Olimpio, G.; Ghica, C.; Menteş, T.O.; Politano, A. Improving the efficiency of gallium
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Abstract: Recently, promising results have been achieved in improving the sensitivity to ammonia in
gas sensors through the use of structures composed of heterojunctions or nanochannels. However,
their sensitivity is highly dependent on the background humidity under air conditions. The sensor
structures which could ensure selective ammonia detection with a low detection limit, despite
interference from changing background humidity, remain highly demanded. In this work, we consider
sensing units containing (i) nanochannels formed by a continuous tungsten oxide nanolayer to appear
in contact between single-walled carbon nanotubes (SWCNTs) and a Pt sublayer and (ii) SWCNT-Pt
junctions in frames of mass-scale microelectronic technologies. SWCNTs were deposited by spray-
coating on a thin WO3/Pt/W sublayer formed by a photolithographic pattern to be accompanied
by satellite samples with just SWCNTs for reference purposes. We elucidate the specific differences
that appeared in the response of sensors based on SWCNT-Pt junctions and WO3 nanochannels
relative to satellite SWCNT samples with a similar SWCNT network density. Particularly, while a
similar response to NH3 vapors mixed with dry air is observed for each sensor type, the response
to NH3 is reduced significantly in the presence of background humidity, of 45 rel.%, especially in
the case of WO3 nanochannel structures even at room temperature. A multisensor array based on
the four various sensing structures involving SWCNT-Pt junctions, WO3 nanochannels, and their
satellite-only-SWCNT ones allowed us to determine a correct ammonia concentration via utilizing
the linear discriminant analysis despite the presence of background air humidity. Thus, such an
energy-efficient multisensor system can be used for environmental monitoring of ammonia content,
health monitoring, and other applications.

Keywords: carbon nanotube; nanochannel; tungsten oxide; heterojunction; multisensor array;
ammonia; gas sensor; spray deposition

1. Introduction

The ammonia vapors present a high demand for detection because of numerous
applications linked to this analyte [1,2]. These vapors are extremely hazardous to heavily
influence the eyes, lungs, and skin under direct contact causing nose and throat irritation
combined with coughing and respiratory tract irritation [3]. Currently, the long-term, 8 h
permissible concentration of NH3 for workers is 25 ppm [4]. At this level, the vapors
substantially inhibit the immune system of animals and reduce their ability to eliminate
infections [5]. At higher concentrations, in the range of 15–28% by volume, ammonia
vapors are flammable in the air. Still, humans feel its odor at the threshold of ca. 6 ppm [6],
which allows us to distinguish this danger organoleptically. However, the technical units
are obviously needed for continuous monitoring of this toxic gas at the spots of interest,
such as an industry’s emission, environmental monitoring, and human health. Therefore, to
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be effective for these applications, the sensors have to yield signals at lower detection limits
combined with high stability of the response and small mass/volume parameters [4,7].
At the same time, the NH3 vapors are the most common ones to appear in compost areas
where their concentration reaches ca. 4000 ppm [8], which heavily exceeds the noted
permissions and requires sensor-based units capable of working instantly for automatic
monitoring tasks. Furthermore, ammonia can react in the atmosphere with other substances,
contributing to the particle’s aggregation, of which the most harmful are ones smaller than
2.5 microns in size. Thus, the detection threshold for particles, and hence ammonia, is
reduced down to concentrations of ca. 30 ppb in the ambient air [7]. The other source of
ammonia to be important for humans is meat or poultry, which is subject to metabolic
spoiling under a microbe’s growth, damaging the organic matter [9], and last but not least,
ammonia appears as a biomarker produced by a human body under various metabolic
activities: its excessive presence in the exhaled breath, at concentrations higher than
1 ppm [10], indicates diseases related primarily to dysfunctions of liver and kidneys [11,12].

While the ammonia vapors could be well detected by analytical instrumentation such
as chromatography [13], these techniques do not suit the requirements to have a compact
device that yields “here and now” the corresponding information/signal. Therefore, the
NH3 sensing units are intensively developed employing gas sensors of various principles.

Currently, sensors based on oxide materials with channels formed by continuous
thin films are mostly wide-spread to allow one measuring NH3 concentrations of several
ppm as a detection limit [14], and only recently, notable progress has been made in in-
creasing the sensitivity of sensor structures, reaching a detection limit of less than 1 ppm
through, for instance, using tungsten oxide as thin layers [15] or nanoflakes [16]. How-
ever, these sensors have a number of features that limit their usage: (i) a low selectivity
to specific gases, (ii) degradation of the sensitive layer over time upon exposure to high
concentrations of various gases and volatile organic compounds (VOCs), and (iii) advanced
operating temperature of the sensor, 200 ◦C and higher, which require an extensive power
consumption. Therefore, novel chemiresistive sensors based on nanomaterials matured
from carbon-related structures [17], such as carbon nanotubes (CNTs), are intensively de-
veloped to operate at room temperature (RT) [18,19]. In addition, these structures have
low electrical noise and compatibility with the microprocessor’s processing of the sensor
signals in a real-time scale [20] to meet entirely all the challenges related, among others, to
the Internet-of-Things paradigm [21].

In order to advance the gas-sensing performance of carbon structures, they are com-
plemented with foreign additives for designing heterojunctions [22–24]. However, one of
the negative properties of such sensors is a strong dependence on the sensor’s response to
NH3 under humidity interference. In some cases, enhancing relative humidity (RH) from
25 rel.% to 64 rel.% might modify the sensor response by six times at the same ammonia
concentration [18].

The most significant results in terms of the sensor response magnitude were achieved
for structures containing heterojunctions based on materials that have a significant dif-
ference in the positions of energy levels in the band structure [18,19] though not all the
heterojunctions contribute to advancing the sensor response [25]. From this viewpoint, the
efficient approach is combining CNTs with metal oxides. For example, SWCNTs and WO3
differ by the type of conductivity: the edge of the SWCNT valence band, Ev, is located
near the edge of the oxide conduction band, Ec, but with a fairly large difference between
these levels. Therefore, this junction might significantly change the nature of the response
of such a structure to various gases. CNT-SnO2 heterostructures are also shown to obtain
enhanced sensor response [19]. However, tungsten oxide has significantly more predictable
sensing performance yielding, for instance, a linear chemiresistive response to gaseous
analytes both at low and high levels of background humidity [26] and higher responses
to water vapors [27,28]. Therefore, in this work, we consider namely the combination of
WO3 with SWCNTs. Thus far, reported data in the literature highlight that responses of
sensors based on WO3/CNTs exceed those based on just WO3 at certain optimal ratios
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between the components in the composite. Furthermore, there are strong changes in sen-
sor response in response to even minor deviations in optimal component ratios of such
composite sensor layers. In addition, CNTs themselves also exhibit differences in sensor
response depending on background humidity [29]. Thus, there is a necessity to fabricate
heterostructures and nanochannels in a controlled manner on a nanoscale for obtaining
sensors with specified characteristics.

One of the solutions can be using photolithography to deposit thin layers properly
in specified areas on the substrate to provide the designed topology at the micro level.
Together with utilizing nanostructures such as SWCNTs, this makes it possible to design
nanosized junctions and channels already at the nanoscale level and fabricate sensor layers
in a reproducible and controllable manner. Furthermore, this technology allows one easier
placing a number of sensors as a multisensor array [30] on a single substrate with controlled
parameters to advance a selectivity while detecting gases and their mixtures [31,32]. Herein,
we propose sensors based on SWCNTs in combination with WO3 and Pt nanolayers, as well
as their fabrication technology. The control of the stages of the technological process makes
it possible to obtain structures that differ from each other in the gas sensitivity mechanisms.
The manufacture of sensors with specified characteristics has a positive effect on their joint
application as a part of a multisensor gas-analytical system, where significant differences
in the behavior of sensor responses to gases are welcome to advance their selectivity to
analytes. The developed multisensor array has been tested regarding the recognition of
NH3 vapors against the background of humidity.

2. Materials and Methods

2.1. Fabrication of Structures under Study

Using magnetron sputtering and lift-off photolithography on glass substrates, 12 × 12 mm,
the metallization regions, 20 × 20 μm, were formed as an array with a 30 μm period
(Figure 1). The metallization areas consisted of successively deposited W/Pt/W layers,
each 10 nm thick. The upper layer of tungsten (W) was oxidized to grow a tungsten oxide
(WO3) by annealing in air at the temperature of ca. 380 ◦C in oven (Mikroterm-70, Spark-
Don, Volgodonsk, Russia). This temperature has been found sufficient for the oxidation of
tungsten, accounting for numerous literature data (see, for example, [33,34]), and has been
further confirmed in the experiment. Another sample type was obtained in a similar way
but with the top tungsten layer covering the entire substrate surface.

The use of structures with island metallization areas made it possible to target forming
the nanojunctions of CNT-Pt and CNT-WO3, which is difficult to implement in composites
due to the heterogeneity of the distribution of materials regarding each other, even at the
micro level. The continuous WO3 layers, without making the Pt-sublayer periodic structure
with island metallization areas, would not allow one yielding the WO3 nanochannels to
form between the SWCNT and Pt layers. The vertically aligned WO3 nanochannels, whose
length has been targeted by thickness of pristine continuous WO3 layer, are located between
Pt sublayer and top SWCNT layer. The width of these WO3 nanochannels is controlled
by SWCNT diameter (Figure 1, cross-section of SWCNT40-WO3 sample). Still, top non-
continuous networked SWCNT layer does not inhibit access of NH3 or H2O molecules to
the nanochannel. These nanochannels allowed us to reduce the operating temperature of
the sensor down to RT due to the lower resistance of such an oxide nanochannel structure
when compared to rather long microchannels between metal electrodes to be conventionally
employed in the sensors.

Then, SWCNTs (P3-SWNT, Carbon Solutions, Riverside, CA, USA) were deposited by
spray coating with a low aerosol flow density on the surface of six samples in four separate
processes (Figure 1) employing own-designed pneumatic spray-coating system [35] from
the N-methylpyrrolidone: water dispersion, of 3:7 ratio, with various volumes chosen for
each process purposes. The dispersion’s output going from the spray nozzle was governed
by managing the effective throughput via shifting a locking needle. The deposition was
performed over the substrate heated up to 120 ◦C to be followed by treating the samples
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with formic acid of analytical grade purity in order to remove the residual solvent from
the as-prepared SWCNT layer. For each of the structure types, the deposition process
was individual. Together with the WO3/Pt/W layer-based structure under study, we
have employed a pure glass substrate in the chamber as a reference during SWCNT’s
deposition to prepare a satellite sample. In a separate process, to compare the effect of
SWCNT network density on sensor response, two additional samples were fabricated on
glass substrates, with a similar (called hereafter, rSWCNT54) and higher (called hereafter,
rSWCNT174) network density than the above-described structures.

Figure 1. The scheme and technology routs to produce the gas-sensing structures under the study via
employing SWCNT layer deposited over WO3/Pt/W sublayer formed with lift-off photolithography
and over the pure glass substrates. In the right, the cross-section and equivalent circuit schemes of
the structures are given.

Contacts to sensors were fabricated with Ag paste followed by its drying under infra-
red irradiation at 85–100 ◦C with the formation of wire leads at negligibly small, relative to
the resistance of the sensor channel, contact resistance.

2.2. Material Characterization Methods

The layer non-uniformity and the SWCNT network density were estimated by atomic
force microscopy (AFM) (Solver-Pro, NT-MDT, Zelenograd, Moscow, Russia) and via
analyzing the SWCNT G-peak intensity, IG, in Raman maps. The Raman spectroscopy maps
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were acquired with the spectrometer (Centaur-UHR, Nano Scan Technology, Dolgoprudny,
Russia) equipped with a laser, 532 nm wavelength [36]. The layer non-uniformity was
estimated as a ratio of standard deviation of IG in the Raman map to the median value
of IG.

Thus, six gas-sensing structures employing SWCNTs were prepared altogether for
the study: (1) with a WO3 layer located only on Pt/W to form the SWCNT-Pt junction,
called hereafter as SWCNT50-Pt, (2) with a continuous layer of WO3 formed over the entire
surface of the substrate to form SWCNT-WO3 heterojunctions with WO3 nanochannels,
called hereafter as SWCNT40-WO3; (3) two corresponding satellite samples with SWCNTs,
called hereafter as sSWCNT50 and sSWCNT40, where the network density has been equal
to 50 a.u. and 40 a.u., respectively, to be manufactured by spray deposition according to
routes numbered by 1 and 2 in Figure 1; (4) two additional reference samples with varied
SWCNT network densities, rSWCNT54 and rSWCNT174, where the network density is
equal to 54 a.u. and 174 a.u., respectively, according to routes numbered by 3 and 4 in
Figure 1. These sensors were measured simultaneously under all the test measurements as
an array. The temperature coefficient of resistance (TCR) was evaluated for the fabricated
structures as the averaged changes in the resistivity of each sample with a stepwise change
of temperature by 10 ◦C in the range of 50–100 ◦C under dry airflow conditions.

2.3. Gas-Sensing Measurements

In order to measure the gas sensor response, the NH3 vapors were obtained by
evaporating a measured micro-volume of 25% aqueous ammonia solution, of analytical
grade, in a bottle, of 26 l volume to yield the basic concentrations of about 18 ppm, 40 ppm,
70 ppm, and 135 ppm. We have utilized dry or humid, 45 rel.%, air as the background carrier
gas. The humidity level of 45% was chosen as rather typical one for ambient air humidity,
close to the average value of 50–60% RH found in Europe [37]. At the same time, the former
research showed that quite significant changes in the sensor response are observed for
SWCNTs and composite structures of CNTs/WO3 at this range of background RH when
compared to one in dry air [18,29]. The temperature of 30 ◦C, which is somewhat higher
than RT of about 23–28 ◦C, was chosen to keep the sensors stable in all the measurements
and to ensure its independence from environment temperature.

The NH3 exposures were independently monitored/registered with a commercial
semiconductor sensor (TGS826 sensor , Figaro Engineering Inc., Minoo city, Osaka, Japan).
Vapors were let into a chamber containing all the sensors with a 0.2 L/min flow rate to be
managed by the gas-flow controller (MKS Instruments Inc., Burlington, MA USA).

The sensor recovery was carried out by passing an analyte-free air flow at 2.5 L/min
flow rate. The resistance of the sensors was measured with a 16-channel multiplexing
system equipped with computer software, which provides data storage and a display as a
graph on a real-time scale (IPS-16, Praktik-NTs, Zelenograd, Moscow, Russia). The sensor
resistances were read in a sequential mode with a rate of 1 s per sensor. The measuring
setup is shown in Figure 2. In order to deliver the prepared ammonia concentration, a
closed supply cycle was used. Here, NH3 vapors were forwarded from the evaporation
bottle to the measuring chamber containing the sensors and then returned by the pump
(Figure 2, elements grouped by a red dotted line).

Prior the measuring, the samples were annealed at 100 ◦C in a dry air flow for 2 h to
stabilize the properties and to remove any residuals following the sensor’s preparation.

2.4. Processing of Sensor Responses

Linear discriminant analysis (LDA) was applied to the resistance data sets from the
multisensor array as a recognition algorithm in order to classify these vector data into
clusters at the artificial coordinate system in accordance with the test gas mixtures as classes
to be recognized [38]. We have considered six gas mixtures, namely 135 ppm and 40 ppm
NH3 in dry air, 135 ppm NH3 in mixture with wet air, 45 rel.%, and air with RH = 0%,
13%, and 45%. For LDA processing, we have considered taking vector data sampling of
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50 points measured under quasi-stationary conditions of the sensors upon exposure to
each tested analyte at temperature of ca. 30 ◦C. The gas response of the sensor structures
has been estimated as a relative change of resistance in percent, S = ΔR/R0, where ΔR is a
resistance change upon sensor exposure to analytes at each measurement cycle, R0 is the
resistance in the background (air) before each measuring cycle with a new analyte’s or its
changed concentration exposure.

Figure 2. The gas-supply setup to feed the multisensor array under study for exposing to H2O
an NH3 vapors of various concentrations. The sealed chamber containing the sensors is equipped
with built-in heater. Data collection is carried out by a resistance measurement unit equipped with
multiple relays to be managed by a personal computer (PC).

The limit of detection (LOD) was estimated by extrapolating the experimental data,
which could be well fitted with a power function describing the dependence of the sensor
response (%), S, on the ammonia concentration in dry air (ppm), C, as S = k·Cn, where k
and n are the coefficients to be estimated by fitting.

While going to the S(C) range of low analyte’ concentration, the LOD value was
derived at the point where the noise magnitude is equalized with the sensor response taken
from the S(C) fitting function. At the same time, the noise magnitude was evaluated as
5 times of standard deviation, taken over a sampling of 50 resistance measurement points
under dry background air according to methodology proposed previously for SWCNT-
based sensors [39]. The approach proved to be viable and described the behavior of
the sensor response quite well for sub-ppm concentrations down to 30 ppb as described
elsewhere [29].

3. Results and Discussion

3.1. Characterization of the Sensor Structures Layers Parameters

Due to the oxidation of the top W layer, the overall height of the final WO3/Pt/W
layer in SWCNT50-Pt and SWCNT40-WO3 sensors increased from ca. 35 nm to more than
ca. 50 nm (Figure 3).

The appearance of WO3 with crystalline structure was indexed by measuring the Raman
spectra via recording the corresponding peaks at 265 cm−1, 705 cm−1, and 805 cm−1 [40,41],
as shown in Figure 4a,b. Figure 4a gives an optical image of the sensor layer taken with
×100 microscope objective where the marked area has been considered for taking the
Raman map. Still, it is worth noting that the peaks were observed at the thin WO3 layer
located on top of the Pt layer and were not registered at the thin WO3 layer located on the
glass surface. This is due to enhancing Raman scattering from the oxide located over Pt
islands in frames of so-called the surface-enhanced Raman scattering (SERS) effect [42].
The island-like structure of the Pt layer is characterized by the specific resistivity value
of ca. 0.5 kΩ/Sq., which is almost 30 times higher than the known data for the bulk Pt
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and significantly more, 3–5 times than one observed for the layers with a thickness of
3–5 nm [43]. This effect appears at thicknesses being noticeably smaller than that of the
thin Pt layer having an island-like structure [43] and smaller than ones in our structures,
equal to 10 nm. After the oxidation process, the WO3 thickness was 20–25 nm (Figure 3c).

Figure 3. The exploring of sensor structures under study with atomic force microscopy: (a) AFM
image of SWCNT-Pt structure (SWCNT50-Pt); (b) AFM image of SWCNT-WO3 structure (SWCNT40-
WO3); (c) cross-sections of edge of initial metal W/Pt/W area and of “1”, “2” lines marked at 1a,b
corresponding to profiles of SWCNT50-Pt and SWCNT40-WO3 structures.

Figure 4. The characterization of the sensor structures under study with Raman spectroscopy:
(a) optical image of WO3/Pt/W areas on glass substrate of SWCNT50-Pt and SWCNT40-WO3

structures; (b) Raman spectra related to thin WO3 layer, of 7–15 nm, on glass area (1), thin WO3

on Pt/W, SWCNT50-Pt (2), WO3 continuous film, ca. ~25 nm, on glass, SWCNT40-WO3 (3), WO3

continuous film on Pt/W, SWCNT40-WO3 (4); (c,d) G-peak Raman maps for SWCNT50-Pt (c) and
SWCNT40-WO3 (d) structures. The scale bar is 5 μm.
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The resistance-to-temperature data have shown that TCR in SWCNT50-Pt structure
is about −0.26%/K, while for the TCR of its satellite, sSWCNT50, the sample is about
−0.39%/K, as plotted in Figure 5. In Figure 5, the values along the horizontal axis are the
IG median values characterizing the CNT network density of the corresponding structure.
This mean value of SWCNT network density can be visually evaluated by the prevailing
color in the recorded color map, which displays the distribution of the G-peak intensity in
Raman maps for two types of structures, as shown in Figure 4c,d. These values indicate that
the SWCNT-Pt junction and the Pt sublayer have a significant influence on the resistance
upon heating. TCR modulus of the SWCN50-Pt structure is lower than one of satellite
sSWCNT50, which indicates the influence of both the SWCNT-WO3 junction and WO3,
is negligible in the overall conducting channel for that structure type. Still, the TCR of
WO3 is about −2.4%/K [44]. In the case of composite layers with a WO3 content of about
30–50%, as is partially the case for the SWCNT40-WO3 sample (Figure 1), where a part of
the conductive channels is caused not only by oxide but also another material, the TCR
modulus significantly reduces down to 1.5%/K [45]). The effect of this WO3 conducting
channel on the overall conductance in the structure should enhance the TCR modulus
value over that of pure SWCNTs. In addition, it should be noted that the resistivity of
the SWCNT50-Pt structure was only 180 kΩ/Sq. against 1.8 MΩ/Sq. of the satellite,
sSWCNT50, sample.

 
Figure 5. Temperature coefficient of resistance (TCR) for all the SWCNT-based sensor structures
under study.

Thanks to the TCR measurement, it is possible to confirm the contribution of the
SWCNT-Pt or SWCNT-WO3 junctions and, therefore, WO3 nanochannels to the resistance
of the sensor layer. Despite the fact that the parameters of the SWCNT network, density
and uniformity, for the pairs of structures, SWCNT50-Pt, sSWCNT50 and SWCNT40-WO3,
sSWCNT40, are the same, the TCR of such structures significantly differs.

3.2. The Characterization of Gas-Sensing Performance of the Sensor Structures

Despite the differences in TCR and resistance, SWCNT50-Pt and sSWCNT50 structures
were found to exhibit almost the same sensor response to 135 ppm of NH3 at RT, about 30%
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and 25%, respectively (Figure 6a). From the literature data, the semiconducting SWCNTs
make a major contribution to the sensor response [46]. Thus, we may suggest that the
SWCNT50-Pt structure with a lower value of TCR modulus and, consequently, a smaller
effect on the resulting resistance and TCR from semiconducting SWCNTs would also have
a lower sensor response relative to the satellite, sSWCNT50, sample.

Figure 6. Sensor responses of SWCNT-based structures under study to NH3: (a) dry air background,
RT; (b) dry air background, 100 ◦C; (c) wet air, RH = 45%, 100 ◦C; (d) NH3 at wet air background,
RH = 45%, RT; (e) LDA processing of the vector signal from the multisensor array composed of the
four sensor structures: SWCNT50-Pt, SWCNT40-WO3, their satellite samples of sSWCNT50, and
sSWCNT40; the 2D cross-section related to two primary components of 5D LDA space is shown,
points represent the vector signals.

This might be explained via a partial shunting of the nanotubes with other conductance
channels formed by the Pt layer with SWCNT-Pt junctions. Because a reduction of the
sensor response is not observed, it can be concluded that the junction between SWCNTs and
Pt has a significant effect on the sensor response. Still, the SWCNT-Pt junction is known to
improve significantly, up to ca. 6–10% upon 150 ppm of NH3 exposure, the sensor response
even when the metal-type CNTs are used [47,48]. This also explains that the rSWCNT174
sample with a high-density SWCNT network, but with a similar TCR, of ca. −0.27%/K
and resistivity of ca. 80 kΩ/Sq. yields a lower sensor response to 135 ppm of NH3, equal to
~11%, than that of SWCNT-Pt structure.

Despite minor differences in the TCR, the sensor responses of satellite samples and
reference samples (rSWCNT54) with similar network densities and with different SWCNT
network densities (rSWCNT174) are significantly varied. With a decrease in the SWCNT
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network density, we have observed enhancing the sensor response. It seems this matures
from a significant contribution of semiconducting SWCNTs [49] whose effective length,
between SWCNT junctions, is increased at the overall conducting channel. It is worth
noting that the effective length of SWCNTs is enlarged as (i) the network density and/or
(ii) the non-uniformity of the SWCNT layer are reduced. The network’s non-uniformity
of satellite SWCNT samples, being estimated equal to 0.42 for IG = 50 a.u., is lower than
one of the additional samples, rSWCNT54, where the value was 0.65 for IG = 54 a.u., at the
similar network density.

At the same time, the structures with a lower non-uniformity of the SWCNT network,
even at a similar SWCNT network density, exhibit a significantly greater sensor response,
which can be seen by comparing the responses of the sSWCNT50 and rSWCNT54 samples.
The obtained responses to ammonia in dry air are significantly higher than in other studies
with sensors based on an SWCNT network [29,46] both for satellite samples containing
only SWCNTs sSWCNT40 and sSWCNT50 and for the SWCNT40-WO3 and SWCNT50-Pt
structures, which are drawn in Figure S1. For comparison purposes, Figure S1 shows how
the sensor response varies s with the NH3 concentration for all the studied sensors and the
literature data. The deposition of SWCNTs for the SWCNT-Pt structure occurs with some
non-uniformity: a lower SWCNT network density was found in the WO3/Pt/W regions, in
contrast to uniformity over the entire surface for the SWCNT50-WO3 sample. Nevertheless,
the non-uniformity of the SWCNT network itself over glass regions for both structures of
the SWCNT-Pt and the SWCNT-WO3 is similar to 0.46. Thus, some differences in SWCNT
deposition for SWCNT50-Pt and SWCNT40-WO3 structures cannot explain the differences
observed in their gas-sensing responses.

The sensor response of the SWCNT-Pt structure measured in forward to 135 ppm of
NH3, as exemplary exposure, has significantly decreased to 14.5% when the operating
temperature has raised from RT up to 100 ◦C (Figure 6b). At the same time, the satellite
sample, sSWCNT50, demonstrated under the heating the sensor response to be only slightly
lower, equal to 21%, than one at 30 ◦C. The sensor response of the rSWCNT54 sample,
having a low network density, IG = 54 a.u., resistivity of ~1 MΩ/Sq. and TCR of −0.49%/K
has also slightly reduced from 14% at 30 ◦C to 11% at 100 ◦C. This indicates that the
contribution of SWCNT-Pt junctions to the sensor response decreases with increasing
temperature, which is similar to the behavior of other heterojunctions [19] because the
effect of the Schottky barrier in the SWCNT-Pt junction is diminished. On the other hand,
the SWCNT40-WO3 structure does not exhibit significant differences in sensor response to
NH3 relative to its satellite sample, sSWCNT40, at 30 ◦C (Figure 6a). At the same time, the
SWCNT-WO3 structure has a higher TCR modulus (Figure 5) and higher resistivity than
the satellite sample, to be 8.5 MΩ/Sq. versus 1.2 MΩ/Sq.

It is rather well known that WO3 does not yield a noticeable sensor response to NH3
at RT but being heated to 100–150 ◦C the WO3 nanostructures could exhibit a significant
sensor response as a decrease in resistance, for instance, yielding the response to 120 ppm
NH3 at 150 ◦C equal to 75%, and at 50 ◦C, −25% [40]. However, our measurements
demonstrated a decrease in the sensor response of the SWCNT-WO3 structure to NH3
vapors at a temperature of 100 ◦C. We guess the lower sensor response, 6.5%, at 100 ◦C
is due to the opposite reaction of SWCNTs and WO3 materials to the analyte. The sensor
response of the satellite, sSWCNT40, the sample under similar conditions is 28.6%. Thus,
it can be assumed that the negative sensor response, as a resistance reduction, of the
WO3 nanochannel might be about 22% (6.5% minus 28.6%). In the absence of doping, the
estimated response is sufficiently high for WO3 [40,50]. This is due to the small width,
length, and thickness of the channel, which is equal to the film thickness of ca. 25 nm.
In the structures where the channel is given as a continuous oxide film, the response is
lower at 100 ◦C by a few orders [51]. Although the estimate of the WO3 response in the
SWCNT40-WO3 structure under study is still lower than the best response known from the
literature for this material, the fabricated structure exhibits a substantially lower response
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time, being of ca. 10 min, when compared, for instance, to WO3 nanoflakes [16]) where the
characteristic time has been observed equally to ca. 100 min.

The SWCNT50-Pt and SWCNT40-WO3 structures exhibit a higher initial sensor re-
sponse rate compared to the satellite samples and saturate earlier when exposed to NH3.
This effect is more pronounced when exposed to NH3 vapor against the background of
air with RH = 45% (Figure 6a,d). The reason for such behavior seems to come from the
significant influence of small contact areas on the sensor response. As a result, sensors
based on SWCNT-Pt and SWCNT-WO3 junctions exhibit not only increasing the speed
of the sensor response but also yield some selectivity to a particular gas mixture. The
chemiresistive response of the WO3 layer to humidity is known to be quite high even at RT;
as reported elsewhere [28], there might be observed a drop in resistance by 50%. At the
same time, the sensor response of satellite samples and additional samples with SWCNTs
to wet air of 45 rel.% is characterized by increasing the resistance (called frequently as a
positive sensor response) both under 30 ◦C and 100 ◦C.

Thus, the chemiresistive effect in the SWCNT-WO3 structure is contributed by two
oppositely-directed responses of SWCNTs and WO3. Based on the difference in the re-
sponses of the SWCNT-WO3 structure and the satellite sample, it can be concluded that
WO3 changes its resistance in humidity, of 45 rel.%, by 40% at 30 ◦C (85–45%, Figure 6d)
and by 15% at 100 ◦C (10%–(−5%), Figure 6c). The sensor response of the satellite SWCNT
sample also goes down from 85% to 10% under the heating (Figure 6c,d). It is worth noting
that the sensor response of SWCNTs decreases more than one of WO3; therefore, the effect
of the WO3 channel on the overall resistance is more pronounced when the sample is heated.
As a result, the response of the SWCNT-WO3 structure to H2O vapors is lower than that of
the satellite sample at 30 ◦C. For comparison, the sensor response’s dependence on H2O
vapor concentration is drawn in Figure S2a for all the SWCNT-based structures under study
at RT compared to known literature data. The typical sensor response transients, response,
and recovery, recorded upon exposure to H2O at various concentrations, 13%, 30%, 45%,
and 55% RH, in the dry air background under RT are displayed in Figure S2b. At 100 ◦C,
the contribution of the WO3 channel to the sensor layer conductance becomes decisive, and
the resistance of the SWCNT-WO3 structure in water vapors reduces (Figure 6c).

3.3. The Analysis of the Gas-Selectivity of Manufactured Multisensor Array

It should be recognized that the structures with heterojunctions studied in this work
do not demonstrate a significant enhancement of the sensor response when compared to
other published results [18,19]. At the same time, significant differences were observed in
the behavior of the sensor response of these structures, even at RT. For example, the sensor
responses of SWCNT50-Pt and SWCNT40-WO3 structures to NH3 vapors in dry air are
the same, but the sensor responses of these structures recorded in wet air, of 45 rel.% differ
significantly in comparison to their satellite SWCNT samples. Therefore, combining the
sensors under study into a multisensor array makes it possible to selectively recognize the
presence of NH3 against the air under varied humidity interference (Figure 6a,d).

Following the LDA processing of the multisensor vector signals collected from the
sensors, we have built the five-dimensional LDA space accounting for the classes related to
testing analytes. The two-dimensional cross-section of this space is displayed in Figure 6e.
As one can see, there is a reliable separation of multisensor vector signals versus gas
mixtures into clusters, even when taking only four sensor structures, SWCNT-Pt, SWCNT-
WO3, and their satellite samples, when combining them into the multisensory array. This
manifests itself in the form of large distances between centers of gravity characterizing
all the clusters, much larger than the radius of the cluster corresponding to each mixture
of gases in Figure 6e, which was about 3 a.u., is marked on the graph with small black
circles. These circles are developed under the assumption of normal distribution of signals,
at 0.9 confidence, within each class. This allows us to conclude that it is possible to reliably
recognize both the humidity and different concentrations of ammonia even in the presence
of background air humidity.
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Thus, the specific behavior of these sensors upon exposure to the vapors was sufficient
to recognize different concentrations of NH3 against the background of dry and wet,
45 rel.%, air and to recognize the wet air containing various levels of humidity, RH = 0%,
13%, and 45%. The mutual arrangement of clusters corresponding to various gas mixtures
eliminates the possibility of incorrect recognition during a “transition” from clusters related
to one vapor concentration to another one, from air to ammonia in dry air, and to ammonia
in air containing water vapors. Compared to other works, where the difference between the
sensing structures composing the on-chip multisensor array is designed via changing, for
instance, a surface filter of varied thickness [52], or varied sensor layer thickness [38], the
proposed multisensor array provides higher selectivity, which could be valued via distance
between gravity centers of the analyte-related clusters in the LDA space, to NH3 in air, even
containing various content of humidity. It should be noted that the multisensor array, which
includes structures with just SWCNTs and SWCNT-Pt while leaving out the SWCNT-WO3
structure, provides a lower selective signal though it still ensures the recognition of the
gas mixtures. At the same time, the array composed of four sensors that do not include
SWCNT-WO3 or SWCNT-Pt structures could not allow us to obtain a selectivity since it
contains only pure SWCNT-based samples which do not deliver a specific behavior of
the sensor response to the analytes. In addition, based on the measurements carried out
at 30 ◦C and 100 ◦C, in order to further increase the selectivity of the multisensor array,
different temperature operation modes implemented by the temperature gradient on the
substrate can be set for the sensors [53], which can also advance the response speed of the
sensors and reduce their recovery time.

3.4. Evaluation of Sensor Detection Limits

As described above, the LOD value was evaluated taking the methodology proposed
previously for SWCNT-based sensors [39], where LOD was estimated to be 3 ppb. With
this purpose, the observed experimental data (Figure 6a) have been fit by a power function
to describe the dependence of the sensor response (Figure S1). These data, as well as the
results of the LOD evaluation, are shown in Table 1. It should be noted that the NH3-
sensing results obtained for the SWCNT50-Pt, sSWCNT50 structures, and even for the
SWCNT40-WO3 structure, given that it has a significantly higher channel resistance and
TCR, are better than the data known from the literature for sensors based on SWCNTs.

Table 1. The sensing characteristics of the sensor structures under study.

Structure Noise, 5·σ, kΩ 1 R0, kΩ 2 Power Law of S(C)
LOD

Estimation, Ppb

SWCNT40-WO3 6.563 8240 5.2·C0.48 4.8

sSWCNT40 3.352 1160 5.1·C0.58 7.1

SWCNT50-Pt 0.138 181 5.1·C0.56 0.6

sSWCNT50 0.752 1840 3.5·C0.64 0.9

rSWCNT54 0.763 957 2.0·C0.61 5.1

rSWCNT174 0.115 87 2.6·C0.49 2.4
1 σ is standard deviation of resistance, sampling of 50 points, in air prior exposing to NH3, 40 ppm concentration.
2 R0 is the resistance of samples in air before NH3 exposure.

This can be explained by the rather high sensitivity of sensor structures based on
low-density SWCNT networks in combination with the low noise that these structures
exhibit. In general, for all types of sensors under this study, the estimated LOD is at an
acceptable level for the analysis of ammonia in ambient air (less than 30 ppb, [7]). This
allows us to conclude that the studied set of gas sensors, together with the fact that it
also provides a sufficiently reliable recognition of ammonia against the background of air
humidity, could be used in electronic devices for environmental monitoring.
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4. Conclusions

In summary, the lift-off photolithography of the W/Pt/W sublayer, subsequent oxi-
dation of the upper tungsten layer, and controlled spray deposition of SWCNTs make it
possible to form gas-sensor structures based on SWCNT-Pt junctions. We have observed
the SERS effect while characterizing WO3 on the island sublayer of Pt. The TCR modulus
of the SWCNT-Pt structure is found to be significantly lower than that of the satellite
SWCNT one, but the sensor response to NH3 vapors in dry air differs very slightly for
these sensors at RT. It seems that the influence of the SWCNT-Pt junction on the sensor
response is equally important as the effect of the SWCNT network and semiconducting
SWCNTs in it. At the same time, the sensor response of the SWCNT-Pt structure to NH3 is
less than one of the satellite SWCNT samples at 100 ◦C. This behavior is associated with a
decrease in the influence of the heterojunctions on the resulting response of the SWCNT-Pt
structure under heating. Furthermore, the response of the SWCNT-Pt structure to NH3
vapors in wet air, of RH = 45%, is lower than that of its satellite SWCNT sample, even at
30 ◦C. The deposition of SWCNTs onto a WO3 layer placed over the entire surface of a
glass substrate with Pt/W regions makes it possible to form SWCNT-WO3 junctions and,
thereby, WO3 nanochannels. The TCR modulus of such a structure is much higher than
that of the satellite SWCNT sample due to the contribution of WO3 nanochannels to the
overall conductance. The sensor response of the SWCNT-WO3 structure to ammonia is
comparable to that of the satellite structure at 30 ◦C. When the sensors are heated to 100 ◦C,
the SWCNT40-WO3 structure has a lower response relative to the satellite sSWCNT40
sample as a result of increasing the effect of the WO3 nanochannels that reduces the sensor
resistance in NH3. The response of an SWCNT-WO3 structure to ammonia in wet air of
45 rel.% is significantly lower than that of a satellite SWCNT sample. This is only partially
explained by the significant response of WO3, which, unlike SWCNTs, reduces its resistance
in water vapors even at RT. In other words, the effect cannot be reduced only to a simple
algebraic sum of multidirectional responses of CNTs and WO3 for this mixture of gases,
but it can also be partially explained by a change in the properties of the substrate surface
at which SWCNT networks located: from hydrophilic glass to more hydrophobic WO3.

As a result, a specific difference in the sensor response for SWCNT-Pt and even more
pronounced for the SWCNT-WO3 structure with respect to SWCNTs was realized even at
RT. This makes it possible to manufacture a multisensor array based on a set of just four
sensors (SWCNT-Pt, SWCNT-WO3, and their satellite samples only with SWCNTs) which
allows one using LDA to recognize different concentrations of NH3 against the background
of humidity at various levels. Still, a multisensor array based only on SWCNTs samples
does not allow this. Such a multisensor array with an estimated detection limit at the ppb
range can be used in devices for NH3 monitoring in the environment, health monitoring,
and other applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemosensors10110476/s1, Figure S1: The dependencies
of sensor responses on NH3 concentration for SWCNT-based structures under study at dry air back-
ground at RT, in comparison to the reference literature data. The experimental results are indicated by
dots, the lines are built under fitting with a power function to the experimental data. The parameters
of the fitting functions for sensors under study are given in Table 1; Figure S2: The responses of sensor
structures to H2O vapors. (a) The dependencies of sensor responses on relative humidity content in
air for SWCNT-based structures under study at RT, in comparison to the reference literature data.
The experimental results are indicated by dots, the lines designate fitting with a power function
to experimental data. (b) Changes in the sensor response magnitudes in time at exposing to water
vapors of various concentrations, 13%, 30%, 45%, 55% RH, at RT, at dry air background and in the
process of sensors recovering in a dry air flow. The shaded areas show the analyte’s exposure time
intervals. References [29,46] are cited in the supplementary materials.
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Abstract: We report on the investigation of graphitic carbon nitride (g-C3N4) for carbon dioxide (CO2)
sensor applications. g-C3N4 is prepared by the thermal polycondensation of thiourea and sprayed
onto a substrate with interdigitated electrodes. The resulting sensor device exhibited a high sensitivity
to CO2 molecules of ~200 ppm, a high responsivity of ~730 ms at 40 ◦C and a full recovery time of
36 s. Furthermore, a set of various characterization measurements demonstrated the excellent stability
of both the g-C3N4 nanosheets and the fabricated gas sensor device. Meanwhile, density functional
theory (DFT) calculations for the bulk and monolayer models, based on tri-s-triazine, revealed the
optoelectronic properties of g-C3N4 and the interaction energy with CO2, which is evaluated at
−0.59 eV. This value indicates the very good affinity of g-C3N4 nanosheets to CO2 molecules. Our
findings shed light on the potential for g-C3N4 to be used for the development of high-performing
gas sensor devices.

Keywords: graphitic carbon nitride (g-C3N4); density functional theory (DFT); tri-s-triazine;
optoelectronic properties; CO2 gas sensors

1. Introduction

Natural and industrial air pollutions due to toxic gas emissions constitute one of
the major threats to the environment, causing serious hazards to human health such as
respiratory and cardiovascular diseases [1]. Hence, there is an urgent need to reduce these
emissions by issuing strict government regulations [2] while developing materials that can
detect these gases before they reach the atmosphere. For gas detection, two-dimensional
(2D) materials appear among the emerging solutions for gas sensing [3,4]. Indeed, due
to their high surface area and good electronic and optical properties, 2D materials have
attracted great attention in several domains such as photocatalysis, photovoltaics and
gas sensing [5]. Among 2D materials, graphitic carbon nitride g-C3N4 (gCN) has shown
several advantages for the development of gas sensors at a low processing cost and with
low toxicity and high stability [6,7]. Indeed, gCN exhibits a planar structure similar to
graphene, where C and N are covalently bonded, and adjacent layers are linked together
by Van Der Waals forces. gCN has a tri-s-triazine cyclic structure, and the strong covalent
coupling between C and N atoms offers this material very a high chemical and thermal
stability under ambient conditions [8]. In addition, gCN can be used as a non-toxic organic
semiconductor material possessing a bandgap energy of ~2.7 eV [9,10], making it a suitable
catalyst for hydrogen evolution reaction, energy storage, contaminant degradation, CO2
reduction and gas sensing [11]. In gas sensing applications, the performance of single-layer
gCN remains attractive for two main reasons: (1) its intrinsic vacancies provide gCN with
natural pathways for gas diffusion, unlike the artificial defects introduced in the other
2D materials [12,13]; (2) its large specific surface area offers gCN a high gas adsorption
capacity [14]. gCN is easily synthesized by the thermal polycondensation process from
affordable precursors such as thiourea (CH4N2S) [15], melamine (C3H6N6) [16], dicyan-
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diamide (C2H4N4) [17] and urea (CH4N2O) [18], suggesting that it is one of the most
promising candidates for industrial scaling up for various applications.

In the present work, a step-by-step fabrication and characterization of gCN are carried
out to explore the routes of obtaining pure gCN to be used for gas sensing applications
and especially CO2 detection. Moreover, first-principles calculations are also performed to
determine the optoelectronic properties of gCN responsible for its outstanding CO2 detection.

2. Materials and Methods

Thiourea (CH4N2S, 99% purity, Alfa Aesar A12828.0E) and chloroform (CHCl3,
67-66-3) were obtained from Fisher Scientific (Waltham, MA, USA). A crucible of 100 mL
(Cole Parmer, Vernon Hills, IL, USA) and a furnace (Carbolite Gero, AAF 1100, Hope,
UK) were used to synthesize gCN. Fourier transform infrared (FTIR) spectroscopy was
conducted using KBr discs on an ABB Bomem FTLA2000 spectrophotometer. Thermogravi-
metric analysis (TGA) was carried out under an air atmosphere on a TA Instrument Q500
thermal analyzer. The crystal structure of thiourea was determined using X-ray powder
diffraction (XRD) recorded on a Bruker-D4 diffractometer operating with Cu Kα irradiation.
The vibration modes were recorded using a micro-Raman Renishaw spectrometer using
UV light excitation (325 nm). A scanning electron microscope (SEM) Quanta 200 FEG
and Transmission Electron Microscope (TEM) Tecnai from Thermo Fisher Sientific were
used to examine the microstructure of the samples. A Retsch Milling Sieving Assisting
machine was used for powder grinding, and a Palmsens 4 electrical measurements station
was used for electrical measurements. A micro-probe system from the Nextron company
(Basel, Switzerland) was used for gas detection tests (Figure 1). This system allows in-situ
measurements of electrical properties under different environmental conditions: vacuum,
temperature and controlled gas flow. The full sensing measurement set up was fully con-
trolled by integrated software from Nextron. All detection tests were carried out in a gray
room with a controlled relative humidity of 47%.

Figure 1. Sensing measurement set up used in this work.

The gCN nanosheets were elaborated by the thermal polycondensation of thiourea
(CH4N2S). For this, 45 g of thiourea was placed in a closed alumina crucible and heated at
550 ◦C in a muffle furnace for 2 h at a heating rate of 5 ◦C/min. After natural cooling to
room temperature, the obtained compound in the form of yellow powder was subsequently
crashed using a ball milling machine. The powder was then exfoliated using ultrasound
for 3 h in chloroform solution. The resulting solution was sprayed to form a thin film onto
a substrate with interdigitated electrodes using the spray coating technique. The mixture of
chloroform and gCN powder at 5.3 × 10−2 g/L concentration was sprayed at a 1 mL.mn−1

flow rate for 40 min while heating the substrate at 400 ◦C. During the whole spraying
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process, the air pressure was maintained at 2 bar, and the spraying nozzle was placed 20 cm
from the substrate.

3. Computational Method

The computed gCN has a hexagonal crystal structure, “space group P6m2 (No. 187)”.
The valence electron configurations selected for C and N atoms are 2s2 2p2 and 2s2 2p3,
respectively. The values of the relaxed lattice constants for bulk gCN are a = 7.135 Å and
c = 7.040 Å. Figure 2a shows the 2 × 2 × 2 k-points used to obtain the band structure
along the path H-K-Γ-M-L-H in the Brillouin zone. For the gCN monolayer (Figure 2b),
2 × 2 × 1 k-points were used, and a 15 Å vacuum space along the z-axis was added to
isolate the gCN and prevent interactions between the adjacent layers.

Figure 2. Geometric structure of heptazine-based gCN: (a) bulk; (b) monolayer. (C and N atoms are
in black and blue respectively).

In the structure of gCN, the C and N atoms are represented, respectively, in black and in
blue. The gCN monolayer model is obtained by removing other layers from the unit cell of
the bulk gCN along the c direction. The structure of gCN includes eight N atoms and six C
atoms for each layer. The energy cutoff of the plane basis was set to 500 eV. The calculations
were performed using the Perdew–Burke–Ernzerhof (PBE) exchange-correlation function
with generalized gradient approximation (GGA) and the Heyd–Scuseria–Ernzerhof (HSE06)
hybrid function, implemented in Cambridge Sequential Total Energy Package (CASTEP)
simulation software (22.1.1 version, CDG, Cambridge, UK).

4. Results and Discussion

4.1. Material Characterization

Figure 3 shows the TGA weight loss of thiourea. The first degradation is observed at
~200 ◦C with two endothermic peaks caused by the sublimation of thiourea. In the temper-
ature range of 225–400 ◦C, there is a slight weight loss due to the thermal condensation of
thiourea into triazine (melamine) and tri-s-triazine (heptazine). Tri-s-triazine could form by
the intermolecular rearrangement of triazine. A second degradation is observed around
~450 ◦C, which corresponds to the onset of polymerization of gCN. The polycondensation
of thiourea gives several products before the complete formation of gCN, such as triazine
and tri-s-triazine [19].

Figure 4a shows the XRD diagram of gCN. The main peaks are located at 27.25◦ and
12.99◦, indicating the formation of pure gCN. The XRD peak shapes confirm the graphitic
stacking structure, highlighted by the presence of two peaks characteristic of gCN bulk and
gCN nanosheets. The intense diffraction peak at 27.25◦ corresponds to the (002) reflection
of the graphitic interlayer stacking structure of gCN, and the weak diffraction peak at
12.99◦ is attributed to the (100) plane of the planar repeating units in gCN. The crystal-
lite size d is estimated using Scherrer’s equation—d = k.λ/β.cosθ—to be ~9.28 nm and
~3.12 nm, respectively, for gCN bulk and nanosheets, where k is the shape constant (0.94),
λ is the wavelength, θ is the Bragg angle and β is the peak full width at half-maximum.
The XRD pattern of the polymeric gCN nanosheets indicates a graphitic structure with an
interplanar stacking distance of aromatic units of ~0.33 nm.

141



Chemosensors 2022, 10, 470

Figure 3. Weight loss of thiourea versus temperature and gCN formation.

Figure 4. (a) X-ray diffraction diagram and (b) FTIR spectra of gCN bulk and nanosheets.

The FTIR spectra of the elaborated gCN are provided in Figure 4b. Two main peaks at
809 cm−1 and 887 cm−1 show the presence of s-triazine units, caused by the out-of-plane
bending vibrations of the triazine ring. The peaks appearing at 1249 cm−1, 1328 cm−1,
1413 cm−1, 1467 cm−1 and 1563 cm−1 are ascribed to the stretching vibrations of the C–N
bonds in tri-s-triazine. The peak at 1642 cm−1 is due to the stretching vibration of the
C=N bond in the heptazine units. The broadband absorption peak at 3169 cm−1 shows the
stretching vibration of the N–H bond of NH and NH2 groups, presumably caused by the
incomplete polycondensation of gCN. As illustrated in Figure 4b, the FTIR spectra of gCN
nanosheets and bulk gCN have the same chemical structure.

Note that, under visible light excitation, the Raman spectra of gCN present a single
broad response, which is due to the strong fluorescence and photoluminescence effects
occurring in the graphitic gCN phase when excited by visible light [20,21]. Hence, to better
apprehend the Raman response, Raman analyses are conducted using UV laser excitation.
Figure 5 depicts the temperature-dependent Raman spectra of the gCN sample collected
in the frequency range of 300–1800 cm−1. The Raman response at room temperature of
gCN is in good agreement with the reported results [21–23]. Moreover, one can note the
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presence of high intensity Raman modes at ~705 cm−1, ~764 cm−1, ~977 cm−1, ~1113 cm−1,
~1400 cm−1, ~1483 cm−1, ~1576 cm−1 and ~1620 cm−1.

Figure 5. Temperature-dependent vibration modes of gCN excited with a UV laser, 325 nm.

The strong Raman vibration modes observed at 705 and 764 cm−1 are related to the
intraplanar bending vibrations of the C−N=C linked heptazine units. Moreover, the mode
at ~977 cm−1 was reported to be due to the symmetric N-breathing mode of the tri-s-
triazine units [24]. These last modes are observed to present a blue shift as the temperature
increases. Besides, the modes assigned to the D (1400 cm−1) and G (1576 cm−1) bands
for the C sp2 sites are also visible. The D band has an A1g symmetry attributed to the
breathing modes of C-sp2 atoms in rings, and it is linked to structural defects, whereas
the G band has E2g symmetry involving the in-plane bond stretching motion of all C-sp2

atoms and is linked to the degree of gCN graphitization [25,26]. As can also be seen, the
temperature increase induced a weakening of the D and G Raman intensities ID and IG,
respectively. To investigate the influence of the temperature change on the gCN structural
distortions, the D and G bands’ intensity ratio ID/IG was monitored. Indeed, our findings
show that when the temperature increased from ambient to 600 ◦C, the ID/IG ratio also
increased. This is the signature of a high degree of structural distortion in the gCN. In
addition, all vibrational modes are seen to downshift at lower frequencies with increasing
temperature. Of particular interest, these results concur with a high thermal stability of our
elaborated gCN nanosheets for temperatures as high as 600 ◦C since no gCN degradation
was registered.

The microstructures of elaborated gCN were analyzed by SEM and TEM, and the
respective micrographs are depicted in Figure 6.
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Figure 6. (a,b) Low and high magnification SEM images of gCN. (c) TEM image of layered
gCN nanosheets.

The low and high magnification SEM images of dispersed nanosheets of gCN are given
in Figure 6a,b, respectively. The nanosheet form is noticeable in these images, exhibiting a
lateral size ranging from a few nanometers to a few micrometers. The TEM image shown
in Figure 6c highlights the layered nanosheet morphology of the elaborated gCN. The
size of the nanosheets is in the range of hundreds of nanometers. The stacking layers are
evidenced; one can count four to five layers in Figure 6c.

4.2. Optical Properties

The band gap energy (Eg) of elaborated gCN is extracted from the absorption coeffi-
cient according to the model proposed by Tauc [27]:

αhν = A(hν − Eg)
n, (1)

where hν is the photon energy, Eg is the band gap energy, A is a constant, and n is an
exponent indicating the optical absorption nature. Plotting (αhν)1/2 against photon energy
provides the indirect optical gap value. The band gap energy results are extracted here from
the optical transmittance data of Figure 7a for the gCN bulk and monolayer and inserted in
Figure 7b.

Figure 7. (a) Optical transmittance of both bulk and monolayer gCN, (b) (αhν)1/2 vs. photon energy
for gCN bulk and monolayer and their respective band gap energy.
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The gCN nanosheets exhibit higher transmittance in the full analyzed wavelength
range of 300–1500 nm. The obtained band gap energy is 2.69 eV and 2.86 eV for the bulk
and the nanosheets, respectively. These values are comparable to reported values [28–30].

4.3. Optoelectronic Properties

The band structures of gCN bulk and nanosheets, determined with different approxi-
mations, show that gCN has an indirect band gap with a minimum of the conduction band
at point M of the Brillouin zone and the maximum of the valence band at point G of the
Brillouin zone (e.g., Figure 8).

Figure 8. Band structure of gCN bulk (a) and gCN monolayer (b) obtained by DFT calculations using
GGA-PBE (blue) and HS06 (red) approximations.

The computed band gap energies using GGA-PBE approximation show very low
values of 1.15 eV and 1.32 eV for the gCN bulk and monolayer, respectively, which are
surprisingly highly underestimated. However, using HSE06 approximation, the obtained
band gap energies values are 2.47 eV and 2.72 eV for the gCN bulk abd gCN monolayer,
respectively. These values are in agreement with the experimental results. We have gathered
in the following Table 1 various reported band gap energies of the gCN bulk and monolayer
computed using both approximations to be compared to experimental values.

Table 1. gCN band gap energy comparison—experimental and theoretical.

System Theoretical “DFT” Eg (eV) Approximation Experimental Eg (eV)

gCN bulk

1.36 [31]; 1.41 [32]; 1.15 [this work] GGA-PBE
2.51 [33]; 2.59 eV [34]2.73 [31]; 2.71 [6]; [35],

HSE062.68 [36]; 2.80 [37];
2.69 eV [this work]2.47 [this work]

gCN monolayer

1.59 [38]
GGA-PBE 2.70 [39], 2.71 [40]1.32 [this work]

2.76 [41], 2.93 [42], 2.96 [43], 2.97 [38],
HSE06 2.86 eV [this work]3.20 [44], 3.22 [45], 4.02 [46]

2.72 [this work]

From this table, it is clear that the GGA-PBE approximation provides underestimated
band gap energy values, as reported in various work, while the HSE06 approximation
shows a very good agreement with the experimental results.
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The total and partial densities of states (TDOS and PDOS) of the gCN bulk and monolayer
are then computed using the HSE06 approximation and given in Figure 9a,b, respectively.

Figure 9. (a) Total density of states (TDOS) and (b) partial density of states (PDOS) plots of gCN bulk
and monolayer.

TDOS provides the overall states of both N and C atoms, whereas PDOS permits us to
segregate both constituents. Indeed, our PDOS results show that the energy band states
near the Fermi energy in the valence band are mainly occupied by the electrons of the N
atoms, and only a small contribution of the electrons is derived from C atoms. In contrast,
the conduction band is mainly constituted of atomic orbitals of both N and C with a large
contribution from the C atom. This band is dominated by a strong hybridization of the
electrons of the N and C atoms. Hence, both atoms could participate in gCN interactions
with volatile gas, providing more possible sites for gas detection.

Moreover, we have determined the adsorption energy (Eads) between the CO2 gas
molecule and the gCN monolayer using GGA-PBE approximation [19]. The obtained
adsorption energy of the system is calculated using the following relationship [19]:

Eads = EgCN−CO2 −
(
EgCN + Egas

)
, (2)

where EgCN−CO2 is the total energy of the adsorbed CO2 molecules by the gCN surface, and
EgCN and ECO2 are, respectively, the total energies of gCN and a CO2 molecule. A positive
adsorption energy value indicates that the reaction is endothermic and therefore unstable
and energetically unfavorable, while a negative value concurs with energetically favorable
adsorption as the reaction is exothermic and thus stable. Table 2 shows the optimized
structure of gCN while performing the adsorption calculations, including the distance
between the CO2 molecule and the gCN edge and the bond length.

Table 2. Structural comparisons after adsorption of CO2 at the surface of gCN and their adsorption energy.

Before Optimization Optimized Structure

gCN-CO2 configuration

Angle (degree) 180 179.42
Bond length (Å) 1.181 1.172/1.170
Distance gCN–CO2 (Å) 2.5 3.24
Eads (eV) −0.59
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Our finding revealed an adsorption energy value Ead = −0.59 eV. This result indicates
that the reaction is exothermic and therefore stable and energetically favorable. This is
consistent with the high surface stability of gCN against CO2 molecules, which could lead to
its high reactivity and is beneficial to enhancing gCN sensing performances. From the above,
one can notice that the elaborated gCN nanosheets are highly suitable for CO2 sensing.

4.4. Gas Sensing Tests

In this work, we have used a resistive gas sensor based on a charge transfer process, in
which the sensor acts as a charge donor [47]. Once the sensor device is exposed to CO2 gas,
it is assumed that the charge transfer reaction occurs in different directions between the
sensor and the adsorbed gases. This results in changes in the resistance of the sensor [48].
Adsorption-based sensors use the change in resistance of the g-CN nanosheet caused by
the adsorption of CO2. A physical adsorption takes place at the g-CN–CO2 interfaces,
leading to a reduction of CO2 to CO−

2 ; thus, electrons exchange, modifying the electrical
performances of the material as per the following reaction [49]:

CO2 (gas) + e− ↔ CO−
2(ads),

To investigate the device recovery time dependent on temperature, we heated the
gCN device to fully restore its base strength; then, we conducted CO2 detection tests at
30 ◦C, 35 ◦C and 40 ◦C while monitoring the recovery time as shown in Figure 10.

Figure 10. Exposure of gCN sensor device at 1000 ppm of CO2 at (a) 30 ◦C, (b) 35 ◦C and (c) 40 ◦C.

From the plots of Figure 10, the recovery time as a function of temperature indicates
the shortest recovery time of ~36 s achieved at 40 ◦C, while higher recovery times were
registered at 30 ◦C and 35 ◦C, at ~117 s and ~50 s, respectively.

Hence, in the following, all our sensing tests were carried out with a 120 s dwell
interval, which corresponds to a recovery time of 36 s achieved at 40 ◦C. A good recovery
time was already reported to be considered as an important indicator of a high-performing
gas sensor [50–53]. In this sense, the gCN nanosheets were tested for CO2 detection
to evaluate their stability, sensitivity and response. The gCN device was then exposed
cyclically to three CO2 concentrations at 40 ◦C—200, 600 and 1000 ppm—each for 60 s and
maintained at 120 s as dwell time. To monitor the gCN response, a voltage sweep of 2 V at a
0.1 V step was conducted, and the change of the gCN resistance during the CO2 exposition
was collected. The result is illustrated in Figure 11.

As can be seen in Figure 11, for all the three concentrations, the gCN device showed a
very fast response of about 730 ms once in contact with CO2 and a very good recovery time
of about 62 s, especially at the lower CO2 concentration of 200 ppm. These results indicate
the high CO2 reactivity of the elaborated gCN device, as predicted by the adsorption
energy calculations.

Moreover, to examine the sensitivity, we exposed (two cycles) the gCN device to CO2,
successively using the following concentrations: 200 ppm, 600 ppm and 1000 ppm. The
sensor response is presented in Figure 12.
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Figure 11. Relative responsiveness of the gCN sensor cyclic exposition to different CO2 concentrations
at 40 ◦C.

Figure 12. Two cycles of exposure of gCN sensor to CO2 at 200, 600 and 1000 ppm concentrations
at 40 ◦C.
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In this test, the device was repeatedly exposed to gas pulses for 60 s at each concentra-
tion, separated by periods of 120 s where the CO2 stream was cut. The resulting resistance
of the device gradually increased with increasing CO2 gas concentrations. For instance,
5.26 × 107, 5.85 × 107 and 7.17 × 107 kΩ corresponded to 200, 600 and 1000 ppm CO2 in
the first cycle and 6.86 × 107, 7.19 × 107 and 7.50 × 107 kΩ in the second cycle, respectively.
This increase in the resistance demonstrates that the gCN device exhibited a very good
sensitivity to CO2 concentration changes.

5. Conclusions

gCN nanosheets were successfully fabricated by the thermal polycondensation of
thiourea. The experimental and theoretical investigations have demonstrated an indirect
band gap of approximately 2.47 eV and 2.72 eV for bulk and monolayer gCN, respectively.
The elaborated gCN was then deposited by spray coating and tested for CO2 gas sensing.
We have evaluated the adsorption of CO2 into the gas sensor at −0.59 eV, highlighting the
very good affinity of gCN nanosheets to CO2 molecules. The sensing tests revealed that the
gCN-based gas sensor has a high CO2 detection capability of a few hundreds of ppm, high
sensitivity and a fast recovery time of 36 s recorded at 40 ◦C. These findings are expected to
provide insights for the low-cost incorporation of gCN to develop very promising, scalable
and high-performance gas sensor devices.
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Abstract: Photoactivated gallium nitride (GaN) nanowire-based gas sensors, functionalized with
either bare In2O3 or In2O3 coated with a nanolayer of evaporated Au (Au/In2O3), were designed and
fabricated for high-sensitivity sensing of NO2 and low-power operation. The sensors were tested at
room temperature under 265 nm and 365 nm ultraviolet illumination at several power levels and in
relative humidity ranging from over 20% to 80%. Under all conditions, photoconductivity was lower
in the Au/In2O3-functionalized sensors compared to that of sensors functionalized with bare In2O3.
However, when tested in the presence of NO2, the Au/In2O3 sensors consistently outperformed
In2O3 sensors, the measured sensitivity being greater at 265 nm compared to 365 nm. The results
show significant power reduction (×12) when photoactivating at (265 nm, 5 mW) compared to
(365 nm, 60 mW). Maximum sensitivities of 27% and 42% were demonstrated with the Au/In2O3

sensors under illumination at (265 nm, 5 mW) for 1 ppm and 10 ppm concentration, respectively.

Keywords: gallium nitride (GaN); Au functionalization; nanowire; low power; gas sensing;
photoactivation

1. Introduction

With the rise of interest in environmental protection, health concerns, air quality
monitoring, toxic gasses and industrial waste detection and control, the development of gas
sensors has been gaining increasing interest over the last several decades [1]. Among the
various sensor technologies, those based on semiconducting metal oxides have important
advantages, such as a simple principle of operation, low cost, and portability, and have
been studied extensively [2]. Because their operation critically depends on the reaction of
the analyte with the sensor surface, improvements have been achieved by forming bare
metal oxide nanowires, nanoribbons, hollow porous structures, etc., which increase the
specific surface area. Further improvements have been attained by combining bare metal
oxide with suitable metal and semiconducting materials and by exploiting the catalytic and
heterojunction properties therein. Functionalizing the sensing layer with noble metals, such
as Au, Pt, Pd, or Ag, can improve sensitivity and tailor selectivity [3–5]. This route can be a
promising solution to solve the inherent selectivity issues of semiconductor gas sensors.
To achieve the required performance, however, these sensors need to operate at elevated
temperatures, which increase their operating power. The recent rapid development of the
Internet of Things (IoT) necessitates the availability of compact and portable gas sensors
for integration into personal smart devices such as phones, watches, etc., which must,
therefore, be designed for low power operation. The need for sensors which operate at room
temperature has, therefore, become apparent and led to the emergence of “photoactivated”
gas sensors—i.e., sensors where the energy needed to activate and promote analyte/sensor
interaction is supplied by illumination with the light of appropriate wavelength and
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irradiance. Interest in photoactivated sensors is increasing rapidly, and several excellent
reviews have recently been published [6–8]. According to these reviews and the references
therein, most published works assume that the light-generated electron–hole pairs react
with the gas molecules and facilitate their chemisorption and desorption. This simple view,
however, cannot explain all the experimental results, where the best outcome is obtained, at
times, with wavelengths close to the energy gap and other times, with wavelengths much
shorter than that, and where, sometimes, higher irradiance leads to worse performance.
These inconsistencies have since been resolved by Geng et al. [9], who proposed and
proved that, as well as generating electron–hole pairs, light also interacts and excites the
analyte molecules.

Due to the harmful effect of NO2 on human health and the environment, there is a
great deal of interest in NO2 gas sensors, and their state-of-the-art characteristics have
been thoroughly discussed in a comprehensive review by M. Setka et al. [10]. ZnO is
among the most popular oxides for NO2 gas sensors and has extensively been used to
fabricate NO2 gas sensors with promising results [11]. Excellent NO2 gas sensors have also
been made from bare In2O3, which is characterized by a wide band gap (direct/indirect
3.5 eV/2.8 eV), low resistivity, and high chemical stability [12]. Zhang et al. [13] developed
a coral-like In2O3 sensor able to achieve sensitivity of 132% with an optimal operating
temperature of 130 ◦C. Similarly, Xiao et al. [14] achieved a very high sensitivity of 350%
to 1 ppm NO2 with sensors made from In2O3 nanospheres, which, however, needed to
be operated at a temperature of 120 ◦C. As mentioned above, an especially interesting
family of gas sensors is based on nanostructures such as nanowires (NWs), nanotubes, and
nanorods, which have seen significant progress in recent years [15–20] due to their large
surface-to-volume ratio which considerably increases sensitivity and improves the time
response of the analyte gases. Gallium nitride (GaN) nanostructure-based gas sensors have
recently become very popular due to their unique physical features such as direct bandgap,
excellent carrier mobility, high heat capacity, and high breakdown voltage [21,22]. These
properties make GaN an excellent candidate for portable gas sensors. Furthermore, the
surface engineering of GaN nanostructures significantly improves sensor performance.
Recently, Shi et al. [23] developed a high-performance photoactivated GaN nanowire (GaN
NW) sensor functionalized with TiO2, which exhibits a 25% response to 500 ppm NO2
concentration under 365 nm UV illumination. Khan et al. [24] developed multiple sensors
based on oxide/GaN NW combinations with various metal oxides, such as ZnO, WO3, and
SnO2, for NO2 sensing. An optimum response of 7.1% for 10 ppm NO2 was achieved using
ZnO oxide at room temperature under 365 nm UV illumination.

The present study combines photoactivation with the advantages of In2O3 and GaN
nanowires to design and fabricate NO2 gas sensors operating at room temperature with
excellent sensitivity and low-power operation. The oxide layer was either bare In2O3 or
coated with an evaporated Au nanolayer. Two UV LEDs (265 nm and 365 nm) and several
power levels were investigated to achieve the optimal solution for lowering the operating
power of the finished sensor without sacrificing the analyte gas sensitivity. The sensors
were tested at two different NO2 concentrations (1 ppm and 10 ppm) and over a range of
relative humidity (RH) levels, from 20% to 80% at room temperature.

2. Materials and Methods

2.1. Device Fabrication & Characterization

The sensors were fabricated following steps similar to those by Khan et al. [24]. An
AlGaN buffer layer was first deposited on the Si substrate to minimize lattice mismatch
and improve adhesion between Si and GaN NW. Then, the GaN NWs were patterned by
stepper-lithography-assisted dry etching, followed by induced coupled plasma etching,
using a metal hard mask to protect the GaN NW. The nanowire width target ranges between
200 and 400 nm. Subsequently, electrodes composed of a Ti/Al/Ti/Au metal stack were
deposited on top of the GaN layer to form ohmic contacts. Following this, RF magnetron
sputtering was used to deposit a thin layer of In2O3 (in the range of 5–10 nm) on top of the
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exposed GaN NW, which, for a subset of sensors, was followed by the deposition of 1 nm
evaporated Au nanolayer on top of the In2O3 layer. For brevity, these two groups of sensors
will be referred to as In2O3 and Au/In2O3, respectively, in the figure below. Finally, rapid
thermal annealing (RTA) at 700 ◦C was performed to crystalize the receptor layers and
improve ohmic contacts. The devices were characterized by Zeiss Auriga-Field Emission
Scanning Electron Microscope (SEM) with energy dispersive spectroscopy (SEM w/EDS).
Figure 1 shows schematics and SEM micrographs of the finished based sensors. Several
sensors from each group were wire-bonded and mounted onto an array board chamber
for testing.

Figure 1. Schematics of proposed In2O3-GaN-NW-based sensors: (a) device structure, (b) cross-
section at the center along y/z-axis, and (c) top view of SEM images of GaN NW.

EDS analysis was performed to characterize the composition of In2O3 and Au/In2O3
sensors, as observed in Figure 2a,b.

Figure 2. EDS spectrum of (a) In2O3 and (b) Au/In2O3 sensors. Small peak at 2.1 kV for Au/In2O3

sensors reveals the presence of deposited Au.

Figure 2a,b both reveal the presence of In, N, O, Ga, Al, and Si with peaks located at
0.365 kV, 0.392 kV, 0.525 kV, 1.098 kV, and 1.486 kV, respectively. The presence of a small
peak of Au at 2.1 kV is observed in the inset of Figure 2b. A corresponding quantity of
0.11 measured in weight % confirms the deposition of a small layer of Au on the Au/In2O3
sensors. Details of EDS spectra values quantified in atomic % and weight % for Ga, N, and
Au elements are listed in Table 1.
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Table 1. EDS weight and atomic ratio analysis for In2O3 and Au/In2O3 sensors.

In2O3 Au/In2O3

Element Weight % Atomic % Error % Weight % Atomic % Error %

N 31.84 69.93 8.27 33.73 71.73 8.28
Ga 68.16 30.07 2.47 66.15 28.26 2.52
Au 0 0 3.4 0.11 0.02 3.52

2.2. Gas Sensor Measurement

During testing, the devices were biased at 5V DC. UV LEDs were mounted within
the chamber 10 mm above the sensors, providing constant illumination for the duration
of testing. Two UV light wavelengths were consecutively used: 265 nm and 365 nm. Both
265 nm and 365 nm were selected as their photon energies (4.6 eV and 3.4 eV, respectively)
are both larger than the GaN bandgap (3.4 eV), a factor that is necessary for electron–
hole pair generation. For each wavelength, testing was performed at three power levels:
5 mW, 30 mW, and 60 mW. Optical power was measured using a Network-Power Meter-
Model 1928-C. Photoconductivity measurements, humidity testing, and NO2 gas testing
(1 ppm and 10 ppm concentration) under various humidity conditions were also conducted.
Resistance responses were collected using an Arduino Mega 2560 controlled by NI-LabView
software. A gaseous mixture of analyte and carrier gas (breathing air), controlled by mass
flow controllers (MFC), was first introduced into a Bronkhorst CEM Evaporator W-101A
humidifier prior to flowing into the chamber containing the sensors. The gas mixture was
maintained at a constant flow rate of 0.6 slpm and a constant pressure of 5 psi. Figure 3
illustrates the experiment setup for sensor testing.

 
Figure 3. Experiment setup for sensor testing.

3. Results and Discussions

3.1. Photoconductivity

Photoconductivity and humidity testing of the sensors were performed under two
illumination conditions: 265 nm at 5 mW (3.3 μW/cm2 irradiance) and 365 nm at 60 mW
(1462 μW/cm2 irradiance). Figure 4 shows the I–V characteristics of both In2O3 and
Au/In2O3 sensors in the dark and under illumination.
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Figure 4. I–V Characteristics under UV illumination and dark condition; (inset) photoconductivity
Gain at 265 nm and 365 nm.

In the dark condition, current levels are rather low for both sensor groups, similar to
those observed by Shi et al. [23]. Electron–hole pairs are generated under UV illumination.
The In2O3 layer absorbs a small part of the UV light to generate photocarriers, as it is
quite thin. Consequently, the density of electrons in the GaN conducting channel increases,
thereby explaining the improvement of conductivity between the dark and illuminated
conditions observed in Figure 4. Chemisorption of environmental O2 at the sensors surface
can also explain the difference in conductivity seen in Figure 4, as described by the following
equation [10]:

O2 + e− = O−
2 (ads) (1)

Oxygen anions will deplete the electrons from the conduction channel of GaN. The
amount of generated oxygen anions is small, while the amount of photogenerated electrons
in the conducting channel of GaN is large and dominates the conductivity. It should be
noted that there are limited active sites for O2 adsorption. Functionalizing In2O3 with Au
provides additional active sites for gas adsorption [25]. More O2 molecules can be adsorbed
at the Au interface, thus further depleting electrons from the channel. Consequently, the
conductivity of Au/In2O3 sensors is lower than that of bare In2O3, as observed in Figure 4.
The highest current levels were observed in bare In2O3 sensors, 11.2 μA and 9.6 μA for
265 nm and 365 nm, respectively, while the current of Au/In2O3 sensors diminished (6.9 μA
and 7.2 μA). The inset in Figure 4 shows the UV response gain, defined as:

UVGain =
IUV − Idark

Idark
(2)

where IUV represents the sensor current under UV illumination and Idark the current under
the dark condition. It is interesting to note that the obtained UVGain (250%) under low
power illumination at (265 nm, 5 mW) is comparable to that obtained under much higher
power illumination at (365 nm, 60 mW). Photoconductivity results indicate that using
the 265 nm LED makes it possible for the sensor to be operated at 12 times less power
than when using the 365 nm LED, without sacrificing any UVGain. Power reduction is an
essential aspect when designing portable devices that rely on batteries.
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3.2. Humidity Response

The performance of the sensors under the illuminated condition was evaluated for
relative humidity (RH) in the range from 20% RH to 80% RH at room temperature (20 ◦C).
The “Humidity Response” HR was defined by the relationship:

HR =
Ractual − R20%

R20%
(3)

where Ractual is the resistance at the measured humidity, and R20% represents the baseline
resistance at 20% RH. Each sensor was sequentially tested for 900 s at RH of 20%, 40%, 60%,
and 80%. Figure 5a,b show the results of the HR experiments.

Figure 5. (a) Transient response of the various sensors to humidity change. (b) Normalized response
from 20% RH to 80% RH.

At low humidity (<40% RH), all devices displayed a relatively low response to water
adsorption under both illumination conditions, with the response deviating less than 5%
from the baseline. Mostly, this small change in resistivity is due to chemosorbed water
molecules with the metal oxide layer and photogenerated carriers [26]. At medium-to-high
humidity (40–80% RH), resistance levels started to increase. Water layers accumulated
on top of the chemosorbed layer, promoting proton (H+) hopping [26]. Protons transfer
from one molecule to the next by the exchange of a hydrogen bond which generates
a change in conductivity. At elevated humidity (80% RH), more water layers accrued,
providing additional paths for proton hopping and causing a drastic increase in device
resistance. Moreover, water can condensate due to the capillary effect and infiltrate the
nanopores, offering further conduction channel paths. This is known as the Grotthuss
mechanism [27]. In addition, OH− can be generated from H2O under UV irradiation.
The OH− will form hydroxyl bond OH on the surface and deplete the electrons of n-
type GaN, leading to an increase in resistance [28]. Au/In2O3 sensors produced a more
pronounced response at elevated humidity compared to bare In2O3 sensors. As seen in
Figure 5b, the humidity response of Au/In2O3 sensors sharply increased to 34%, whereas
a relatively low response of 7% is observed for In2O3 under 265-nm illumination. Owing
to its high catalytic proprieties, Au facilitates the dissociation of water molecules, and
these separated species contribute to the increase in resistance. Interestingly, bare In2O3
devices illuminated under 365 nm did not respond to the change in humidity. An important
observation from Figure 5 is that sensors illuminated at 265 nm showed a greater response
to humidity increase compared to those illuminated at 365 nm. The LED power level may
be playing an important role here on the adsorption/desorption rate, as well as on water
molecules dissociation. Since (365 nm, 60 mW) irradiates at higher power, higher numbers
of photogenerated carriers are available to react with dissociated water, accelerating its
desorption rate and, hence, leading to stable response compared to (265 nm, 5 mW). Robust
and stable sensors are more desired for environmental monitoring, as outdoor humidity
often fluctuates.
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3.3. NO2 Response under Various LED Power and Wavelengths

After photoconductivity and humidity testing, the evaluation of NO2 detection was
performed. In the presence of NO2, three possible surface reactions can occur, leading to a
change in resistivity, measured by the sensitivity S:

S =
RNO2 − Rair

Rair
(4)

where RNO2 is the sensor’s resistance in the presence of NO2, and Rair represents the
baseline resistance under ambient air environment. In the first reaction, NO2 interacts with
the pre-adsorbed oxygen ion forming a NO2

− ion and an oxygen gas molecule. Secondly,
two molecules of NO2 interact with the pre-adsorbed oxygen ion and photogenerated
electron at the surface, producing two NO3

− ions. Finally, in the third reaction, NO2
directly reacts with a photogenerated electron at the surface, producing NO2

− [6–10].
Figure 6a,b show the transient response of the Au/In2O3 sensors for 1 ppm NO2 detection
at the fixed humidity level of 40% and under three LED power levels (5 mW, 30 mW,
60 mW).

 
Figure 6. Transient response of 1 ppm NO2 for Au/In2O3 sensors at fixed 40% RH under (a) 265 nm
and (b) 365 nm irradiance with various LED power. Sensitivity under 265 nm (c) and 365 nm (d)
degrades with increasing LED power.

An increase in resistance upon exposure to NO2 is observed, confirming the oxidation
type of NO2 gas. NO2 and the pre-adsorbed oxygen attract electrons at the surface, leading
to an increase in the depletion layer width, causing a large increase in the sensor resistance.
Figure 6c,d show NO2 sensitivity at different LED power levels, along with the respective
irradiances measured at the sensor surface. For the same power level, sensitivity is lower
at a higher wavelength. For example, at 30 mW, the sensitivity was 23% under 265 nm and
15% at 365 nm. The reason behind this remains a complicated question which, despite many
previous efforts to answer it, still remains open [6,29]. A notable observation is that the
highest sensitivity (29%) was obtained at the lowest power (5 mW) for both wavelengths
and that sensitivity degrades with increasing power. For example, sensitivity is reduced
from 29% to 20% when the 265 nm LED power is raised from 5 mW (corresponding to an
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irradiance of 1.1 μW/cm2) to 60 mW (600 μW/cm2). A similar trend is observed for 365 nm
illumination. This behavior agrees with Zhao’s work [30].

Although sensitivity increases with the decreasing power of UV LED, Figure 7c,d show
that response and recovery times decrease upon exposure to 1 ppm NO2 with increasing
power for both wavelengths. For instance, response time under 365 nm illumination
decreased from 233.3 s at 5 mW to 159.6 s at 60 mW power. Interestingly, recovery time
drastically decreases at higher LED power for 265 nm: from 572.9 s to 257.4 s. However,
sensors under 365 nm illumination have a slow recovery time (i.e., more than 600 s). It is
not completely understood why this is, but it can perhaps be explained by considering the
newly proposed role of light-activated NO2 [9] and absorption depth of light where the
electrons/holes are generated in the semiconductor. Our devices Au/In2O3 demonstrate
good short-term repeatability over 6 cycles of exposure to 1 ppm NO2, as observed in
Figure 7a,b. However, a slight degradation in sensor sensitivity is observable after 2 months,
as evidenced by Figure S1a. This could be caused by the oxidation of our sensors. Finally,
our Au/In2O3 sensors have excellent selectivity toward NO2 compared to other gases,
such as SO2, H2S, or HCN. Note that the Au/In2O3 did not respond to CO nor NH3, as
seen in Figure S1b. Our results indicate that LED power can be optimized for different
applications needs.

Figure 7. Short-term repeatability response at fixed 20% RH of 1 ppm NO2 for Au/In2O3 sensors
under (a) 265 nm and (b) 365 nm with 5 mW and 60 mW LED power. Response time and recovery
time improve as LED power increases under 265 nm (c) and 365 nm (d).

3.4. NO2 Response at Various Relative Humidity Levels

Figure 8 shows the sensitivity to 1 ppm and 10 ppm NO2 detection at various relative
humidity levels. In this experiment, two LED conditions were used: (265 nm, 5 mW) and
(365 nm, 60 mW).

It was consistently observed that the Au/In2O3 sensors outperformed the bare In2O3
sensors. At 1 ppm, bare In2O3 sensors suffered from a low response rate (<5%). The gas sens-
ing enhancement of Au/In2O3 sensors can be explained by the following two mechanisms.
Firstly, the depletion layer modification caused by the presence of Au (work function 5.1 eV
compared to 4.3 eV for GaN) causes electrons from the In2O3 to migrate toward the Au
nanolayer and react with NO2 [31–37]. Secondly, due to its high catalytic proprieties, Au
allows for an easier dissociation of NO2 and water molecules, known as spillover effect [38].
The separated species transfer toward the In2O3 layer, thereby altering the sensor resistance
due to the concentration increase in the Au-induced active adsorption sites. For instance,
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at (1 ppm, 40% RH, 265 nm), Au/In2O3 exhibited a sensitivity of 27%, while the In2O3
sensors only showed 2% sensitivity. At (10 ppm, 40% RH, 265 nm), response of the In2O3
sensors was 16%, which increased to 33% for the Au/In2O3 sensors. Maximum sensitivities
of 32% and 42% were achieved with the Au/In2O3 sensors under illumination at (265 nm,
5 mW) for 1 ppm and 10 ppm concentration, respectively. Remarkably, the NO2 response
signals did not degrade with increasing humidity. At higher concentrations, sensitivity
increased linearly with increasing humidity. One possible explanation might be that water
molecules introduce an additional electron cloud that is favorable to NO2 adsorption due
to its electrophilic nature.

Figure 8. Sensitivities to 1 ppm and 10 ppm at various relative humidity.

Table 2 provides a comparison between the present work and the state of the art for
NO2 sensing. For instance, Redeppa et al. investigated the functionalizing of a GaN thin
film layer with deoxyribonucleic acid (DNA-CTMA/GaN). The sensor’s response was
enhanced with UV illumination at 254 nm and 364 nm, similar to our work. At 10 ppm,
the resulting sensitivity was around 10% for both wavelengths, a percentage which is
lower compared to our sensor’s response of 42% [39]. Recently, NO2 sensing has also
been demonstrated using a heterostructure of graphitic carbon nitride on GaN nanorods
(g-C3N4/GaN NR) illuminated at 392 nm at room temperature. Despite having a faster
response/recovery time and lower limit of detection (500 ppb) than our sensors, the g-
C3N4/GaN NR sensor’s response at 1 ppm was 10% lower than that of our Au/In2O3
sensor, which had a 27% response rate [40]. Sun et al. reported a response of 1.1% to a
1 ppm concentration of an AlGaN/GaN HMET sensor with a built-in microheater [41].
The microheater produces 200 mW, which is about 40 times more than the minimum LED
power required for the present sensors. Shin et al. [42] demonstrated that a GaN NW
sensor functionalized with graphene (G/GaN NW) could reach a response of 8% to 10 ppm
NO2 under 40% RH using LED with wavelengths ranging from 265–350 nm, whereas,
under the same conditions, the present sensors exhibited a response of 37%. Recently,
several studies have reported excellent sensitivity to NO2 using In2O3 gas sensors with
different morphologies. Ueda [34] reported an Au-loaded porous In2O3 sensitivity of
900% to 1 ppm NO2, which is far greater than our sensor’s response. Chen et al. [43]
demonstrated that an In2O3/Zn nanofiber sensor could achieve a 130% sensitivity to
10 ppm. However, those In2O3-based sensors operated at a relatively high temperature
(100 ◦C), which increases power consumption. Our sensors achieved reasonable sensitivity
with a low power consumption.
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Table 2. Comparison of the NO2 sensitivity of the sensors presented in this study with those reported
in the literature.

Sensing Material
Concentrations

(ppm)
λ (nm)

Operating
Temp. (◦C)

Power Consump.
(mW)

Sensitivity
(%)

Reference

DNA-CTMA/GaN 10 264, 364 RT - 10 [39]
g-C3N4/GaN NR 1 392 RT - 10 [40]

AlGaN/GaN HMET 1 - 300 200 1.1 [41]
G/GaN 10 265–350 RT - 8 [42]

In2O3/Zn nanofibers 1, 10 - 50 - 2.38, 130 [43]
Au-loaded Porous In2O3 1 - 100 - 900 [34]

Au/In2O3 GaN NW 1, 10 265 RT 5 27, 42 Present Study

4. Conclusions

In summary, GaN NW-based sensors functionalized with In2O3 and Au/In2O3 sensors
were presented for NO2 sensing. Photoconductivity results exhibited lower current levels
in Au/In2O3-functionalized GaN NW sensors compared to In2O3-functionalized ones.
However, the Au/In2O3 sensors consistently demonstrated a superior sensitivity to NO2
than the In2O3 sensors at all tested humidity conditions. The highest sensitivities of 27%
and 42% were achieved using the Au/In2O3 sensors under low-power illumination at
(265 nm, 5 mW) for 1 ppm and 10 ppm concentrations, respectively. More importantly, the
results show the achievement of significant power reduction (×12) when using (265 nm,
5 mW) UV illumination rather than (365 nm, 60 mW), without sacrificing sensitivity. This
combination of power reduction and high NO2 sensitivity makes our Au/In2O3-GaN NW
sensors an excellent candidate for portable and smart sensor integration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10100405/s1, Figure S1: (a) Long-term stability of
Au/In2O3 at 5 mW and 60 mW LED power. (b) Selectivity of In2O3 and Au/In2O3 sensors under
(265 nm, 5 mW) illumination.
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Abstract: In this paper, an attractive gas sensing technique based on fiber optical sensing ideal was
developed for the detection of multi-gas species simultaneously. Calibration-free laser absorption
spectroscopy (LAS) was used and combined with a multi-pass optical absorption cell, two fiber-
coupled near-infrared (NIR) distributed feedback (DFB) diode lasers are used and coupled into a
single optical path for measuring CO2 and CH4 absorption spectra simultaneously. The optimal
sampling pressure, laser tuning characteristics, spectral sampling points, and potential optical
interference are theoretically and experimentally investigated in detail. The results indicated that the
proposed technique has good reliability and has been successfully demonstrated for ambient CO2

and CH4 detection by using a single sample cell and detector. An Allan–Werle deviation analysis
shows that detection limits of 0.12 ppm for CH4 and 35.97 ppm for CO2 can be obtained with an
integration time of 181 s and 166 s, respectively. The proposed technique can be expanded to measure
more molecules simultaneously by combing laser array and may pave a new way for developing a
low-cost and ultra-compact multi-gas laser spectroscopy sensing system.

Keywords: laser absorption spectroscopy; calibration-free; multi-gas detection; CO2; CH4

1. Introduction

Laser spectroscopy gas sensing technique plays a key role in various fields such as
climate warming, Mars exploration, ocean exploration, bio-medical diagnosis, etc. [1–4].
With the continuous deterioration of global environmental ecology and energy problems,
the ability to analyze multiple substances or even unknown components has been a highly
technical challenge for developing optical gas sensors, considering the limitations of sys-
tem volume, weight, power consumption, and cost. Mid-infrared (MIR) external cavity
quantum cascade lasers (ECQCLs) are widely attractive for spectroscopic applications,
which can be used for simultaneously measuring more than three gas components [5],
but they are still not universal due to their high cost. With the development of opti-
cal communication technology, near-infrared lasers have been developed more maturely,
especially for distributed feedback (DFB) diode lasers, which have been demonstrated
for most atmospheric molecules by combing with various spectroscopy techniques, such
as direct absorption spectroscopy (DAS), wavelength modulation spectroscopy (WMS),
photoacoustic spectroscopy (PAS), off-axis integrated-cavity output spectroscopy (OA-
ICOS), cavity ring-down spectroscopy (CRDS), or cavity-enhanced absorption spectroscopy
(CEAS) [6–13].

In the case of multi-component analysis, a single broadband laser source or multi-laser
array is usually adopted to cover the fingerprint spectral region of interest by combing with
multiple photoelectric detectors and the time division multiplexing (TDM) or frequency-
division multiplexing (FDM) technique [14,15]. For example, a single quartz crystal tuning
fork (QCTF) detector and multiple diode lasers near 1391, 1574, and 1653 nm based compact
multi-gas sensor system was developed for the simultaneous detection of H2O, CO2, and
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CH4, respectively, by Xu et al. [16]. Quartz-enhanced photoacoustic spectroscopy (QEPAS)
sensor was reported by Wu et al. for detecting CH4 and H2O simultaneously with the
FDM technique [17]. Jin et al. reported a robust FDM-based optical sensor for remote
multi-species (CH4 and C2H2) detection [18]. By combing the FDM technique with WMS
and OA-ICOS techniques, a dual-gas NIR sensor was developed for sensing C2H2 and
CH4 molecules simultaneously [19]. As for the TDM detection technique, a TDM-based
multi-gas sensor system was developed by combing a single broadband light source and
multiple CO, CO2, and CH4 pyroelectric detectors by Dong et al. [20]. A multi-channel
fiber surface plasmon resonance sensor was proposed by Liu et al. by using the multi-core
fiber and TDM technique [21]. Moreover, a hybrid multi-component gas sensing system
integrated with NIR diode laser and MIR quantum cascade laser (QCL) was most recently
reported for atmospheric CO, N2O, and CH4 detection by Liu et al. [22]. Even though,
atmospheric trace gases can also be detected by measuring the absorption spectroscopy in
either NIR or MIR spectral bands. To meet all the requirements on cost, size, and power
permissibility for field applications, the NIR spectral gas sensors are preferred.

However, the FDM technique is commonly combined with the WMS detection method
because of the dependence of WMS on light intensity variation, which requires frequent
corrections to ensure accuracy for real-time measurement applications [23]. Obviously,
the TDM-based multi-laser array technique has one of the disadvantages of decreasing
time resolution, while the simultaneous usage of multiple detectors or gas cells and other
additional devices makes the gas sensor system more complicated. To resolve these issues
mentioned above, a novel gas detection technique based on fiber optical sensing ideal and
calibration-free DAS spectroscopy analysis technique is proposed for the detection of multi-
component gas molecules simultaneously. To explore the characteristics of the proposed gas
detection technique, two fiber-coupled NIR DFB diode lasers emitting near 1574 nm and
1653 nm, respectively, are used and coupled into a single optical path for simultaneously
measuring CO2 and CH4 absorption spectra. The optimal sampling pressure, laser tuning
characteristics, spectral sampling points, and potential optical interference are theoretically
and experimentally investigated in detail. Finally, the developed sensor system is evaluated
for ambient atmospheric measurement.

2. Theory Analysis

2.1. Absorption Spectroscopy Theory

The interaction between light and gas medium can be described by the well-known
Lambert–Beer law, which is suitable for all electromagnetic radiation and absorbing
medium, including gases, solids, liquids, molecules, atoms, and ions. Assuming a laser
beam has a wavelength of λ and a light intensity of I0, and after passing through a homo-
geneous medium, the output light intensity is I. The change of the light intensity after
passing through the medium will satisfy the Beer–Lambert law

I(λ) = I0(λ)e−α(λ)L (1)

when it passes through a non-uniform gaseous medium, in addition to the absorption
process of the interaction between light and matter, the change in light intensity will also be
affected by other factors, such as scattering effects and instrument response characteristics,
so the generalized Beer–Lambert law can be expressed as:

I(λ) = I0(λ)e[−α(λ)L+β(λ)L+γL+δ]A(λ) (2)

where I(λ) and I0(λ) are the transmitted and initial light intensity, β(λ) and γ are the
Rayleigh scattering coefficient and Mie scattering coefficient, respectively, δ is the influ-
encing factor of other effects, and A(λ) is the response function of the instrument. Since
the main medium studied in this paper is a gas molecule, the gas molecule can default to
a uniform medium, so the interaction process between light and gas molecules is mainly
absorption. The absorption coefficient α(λ) of gas molecules is related to the absorption line-
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shape, line strength, and molecular number of molecules, and the absorption of individual
lines can be expressed as:

α(λ) = φ(λ − λ0) · S(T) · N(T, P) (3)

where S(T) is the molecular absorption line strength, N(T, P) is the molecular number
density, φ(λ − λ0) is an absorption line type centered on wavelength λ0, and usually
satisfies the normalization condition as follows:

∫ ∞
−∞ φ(λ − λ0)dλ = 1 (4)

The number density of molecules is a function of temperature T and pressure p, which
can be expressed as:

N(T, P) = P
P0

· N0 · Tre f
T (5)

where N0 = 2.6875 × 1019 (mol/cm3) is the molecular density of an ideal gas at a reference
temperature Tre f = 296 K and a reference pressure P0 = 1 atm. The strength of the
molecular absorption process is usually measured by the absorption coefficient of the
molecule and the product of the absorption path, that is, the absorption depth α(λ)L. In
summary, the integral area of a single absorption line of a molecule can be expressed as:

A =
∫ ∞
−∞ α(λ)Ldv =

∫ ∞
−∞ φ(λ − λ0) · S(T) · N(T, P) · Ldv (6)

since the lineshape function satisfies the normalization condition, thus A can be simpli-
fied into:

A = S · N · L (7)

Once the relevant experimental conditions (such as temperature, pressure, optical path,
and spectral line parameters) are known, the number or concentration of the absorbing
molecule is calculated by measuring the integral absorption area of the molecule, i.e.,
Equation (7). Conversely, the spectral line parameters of the interested molecule (e.g., line
strength) can also be calculated.

2.2. Detection Principle

The illustration of three different detection schemes is presented and compared in
Figure 1 in the time domain. The main principle of the multi-gas TDLAS sensor system
based on the traditional time division multiplexing (TDM) technique is that different
gas molecules are measured by driving each laser source successively, this approach
presents a significant time lag in the time domain, as shown in Figure 1a. In the case of a
frequency division multiplexing (FDM) detection scheme (Figure 1b), the key principle is
combing modulation and demodulation techniques with a different frequency to realize
signal separation, i.e., WMS detection, which deprives the most critical advantage of
calibration-free nature. For these issues mentioned above, a new detection scheme was
proposed for calibration-free detection of multi-gas species without any time lag in this
study. The proposed detection scheme (Figure 1c) is based on calibration-free direct
absorption spectroscopy and an effective combination of pressure broadening effect, laser
tuning characteristics, and data acquisition mode. The fast current tuning characteristics
and wide tuning range of diode lasers enable simultaneous measurement of multiple
absorption peaks. Generally, the atmospheric small molecular absorption profile can be
fully recovered using data sampling points less than 103. Obviously, as the sampling
pressure decreases, the absorption profile will be narrower, the fewer sampling points are
needed. Note that it is meaningless to record too much non-absorptive baseline background
in the absorption spectrum. Moreover, the fewer sampling data points, the better for
improving measurement time resolution. Due to the relatively high concentration of
water vapor (H2O) in ambient and strong NIR absorption characteristics (i.e., absorption
saturation effect), H2O detection is not experimentally demonstrated for the developed
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long path gas cell-based TDLAS sensor system. More details of theoretical simulation and
experimental investigation will be described in the next section.

Figure 1. Illustration of different detection schemes: (a) Traditional TDM, (b) Traditional FDM, (c) The
proposed detection scheme in this work.

3. Experimental Details

3.1. Absorption Line Selection

Atmospheric carbon dioxide (CO2) and methane (CH4) are two very important green-
house gases, which play a key role in global warming and climate change. Therefore,
the multi-gas sensing system was evaluated for simultaneous measuring CH4 and CO2
using a single photoelectric detector. Figure 2 shows the simulated absorption spectral
line intensity (@296 K) of each molecule in the NIR spectral region (between 1 μm and
2.5 μm) based on the HITRAN database. For this mission, two NIR DFB diode lasers
with a center wavelength near 1574 and 1653 nm are selected as excitation light sources,
respectively. Table 1 summarizes the spectral parameters of the selected CH4 and CO2
molecular selection lines.

Table 1. Spectral Parameters for the Selected Two Species of Interest.

Species
Wavelength

(nm)
Wavenumber

(cm−1)
Line Intensity

(cm/mol.)
γair

(cm−1·air −1)
γself

(cm−1·air−1)

CO2 1574.03395 6353.10312 1.122 × 10−23 0.0822 0.112

CH4

1653.72254 6046.96359 1.455 × 10−21 0.0578
0.0791653.72582 6046.9516 9.277 × 10−22 0.0774

1653.7283 6046.9425 7.877 × 10−22 0.0651
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Figure 2. Spectral characteristic simulation of CH4 and CO2 based on HITRAN database.

3.2. DFB Diode Laser Characteristics

In general, the emitting wavelength of a diode laser can be tuned by scanning its
operating temperature or driving current. For precisely controlling the laser wavelength
and achieving coverage of the absorption spectra of the two analytes of interest, the
characteristics of the two DFB lasers selected in this study were initially investigated. In
this work, the relationship between the laser wavelength and driving voltage is recorded
with a high-precision wavelength meter (HighFinesse GmbH, Tubingen, Germany, WS6-
200) at a fixed operating temperature, as shown in Figure 3. According to the calibrated
results, the operating temperature of the laser was determined at 30 ◦C, and the absorption
line near 1574.03 nm for CO2 and the absorption line near 1653.72 nm for CH4 were finally
selected, respectively.

Figure 3. Wavelength tuning characteristic of the diode laser as a function of its operating temperature
and driving voltage.
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3.3. Sensor Platform Design and Data Processing

The configuration of the developed multi-gas sensor system is shown in Figure 4,
which mainly consists of the following parts: optical module, system control, and data
acquisition units. In the optical module, two fiber output DFB diode lasers with central
wavelengths near 1574 nm and 1653 nm, respectively, are directly coupled into a single
beam through a 2 × 1 fiber coupler and an optical fiber collimator, and the laser beam
is carefully adjusted to enter a multi-pass gas sample Herriott cell (AMAC-76, Aerodyne
Research Inc., Billerica, MA, USA). After exiting from the long-path gas cell, it was focused
on a photodetector (InGaAs detector, New Focus 2053, Santa Clara, CA, USA) by a gold-
plated parabolic mirror. All optical elements are mounted on an aluminum breadboard.
The gas handling module mainly consists of an oil-type diaphragm pump, several two-way
and three-way valves, two flow meters (MCR-2000 slpm ALICAT), and a pressure meter
(PC3-Series ALICAT), several standard gas cylinders for system calibration. A personal
computer (PC) and a data acquisition (DAQ) I/O card (National Instruments, Austin, TX,
USA, NI USB-6259) were used for system control and data acquisition. Real-time signal
processing and analysis were performed by a LabVIEW-based digital lock-in amplifier.

Figure 4. Configuration of the developed multi-component gas synchronous detection system.

3.4. Optimal Sampling Pressure

The key issue for simultaneous detection of multiple molecules is to ensure that there
is no crosstalk effect (i.e., absorption overlapping interference between each molecule).
Generally, diode lasers can be tuned with 3 cm−1 at a fixed operating temperature. The
individual absorption profile for typical atmospheric molecules commonly covers 1 cm−1

even under the pressure of 1 atm. By decreasing gas sampling pressure, the molecular
absorption profile can be significantly narrowed. However, the optical absorption depth
will also gradually decrease with the decrease of gas pressure at a constant concentration,
since the molecule number of the absorption medium is reduced, as demonstrated in
Figure 5. Therefore, a trade-off should be carefully considered between sampling pressure,
the number of analytes, and effective sampling points of the absorption spectrum for
each analyte. To explore the capabilities of the proposed multi-gas detection technique,
a theoretical simulation was first performed. For the CH4 absorption line at 6046.9 cm−1

and CO2 absorption line at 6353.1 cm−1, 500 data sampling points are enough to cover
individual spectral profiles (including absorption lineshape and non-absorption baseline)
at a total pressure of 1 atm, as shown in Figure 5a, 1000 sampling points are selected for
laser scanning ramp. By analogy, 300 data sampling points can be realized for simultaneous
measuring three molecules (such as CH4, CO2, CO, or other atmospheric species) with a
sampling pressure of less than 600 mbar. For more molecular analysis simultaneously, the
related parameters should be carefully selected according to the available experimental
conditions, especially for the selection of molecular absorption fingerprint spectral region
and laser tuning characteristics, etc.
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Figure 5. (a) Simulated CH4 and CO2 transmitted spectra under different pressures and (b) the
optical density at absorption center as function of sample total pressure.

4. Results and Discussion

4.1. Stability Assessment

The proposed detection scheme was initially evaluated using a gas cylinder with
known CH4 (360 ppm) and CO2 (29,270 ppm) concentrations before practical application.
An alternate measurement between an individual laser and a dual laser was carried out to
evaluate the potential crosstalk effect under the optimal sampling pressure of 200 mbar and
a total of 1000 sampling points. First, the individual CH4 laser is only coupled into a gas cell,
and continuous measurements of CH4 absorption spectral signal are made; for example,
the normalized CH4 absorption spectra are shown in Figure 6a. Then, the individual CO2
laser is coupled into a gas cell without the CH4 laser, and similar procedures are applied to
CO2 spectral signal measurements, as shown in Figure 6b. Finally, both lasers are coupled
into a gas cell for recording CH4 and CO2 absorption signals simultaneously, as shown in
Figure 6c. For comparison, the simultaneously measured CH4 and CO2 absorption signals
are plotted in Figure 6c,d together with the manually superimposed spectrum from two
individual CH4 and CO2 absorption signals. To evaluate the repeatability and stability of
the sensor system, the experimental procedure described above was repeated several times.
From this figure, a good agreement was obtained between the individual laser mode and
dual laser measuring mode.

For quantitative comparison, the optical absorption depth for CH4 and CO2 are calcu-
lated from the continuous measurement of both spectral data, as demonstrated in Figure 7.
The statistical standard deviations (1σ) with two successive cycles of alternating measure-
ments are presented in the insert. The results indicated that the standard deviations for
CH4 are 0.002 and 0.0016, and the standard deviations for CO2 are approximate 0.00052 and
0.00053, which shows good stability and repeatability for the proposed detection technique.
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Figure 6. (a,b) CH4 and CO2 transmission spectra measured individually, (c,d) CH4 and CO2 trans-
mission spectra measured simultaneously and the manually synthesized signals using individually
measured spectra.

Figure 7. Experimentally measured absorption depth for CH4 and CO2 with two successive cycles.

4.2. Linear Calibration

Based on the optimal experimental conditions determined above, the concentration
response characteristics of the gas sensor system were further investigated. Two gas cylin-
ders with a certified concentration of 9000 ppm CH4 and pure CO2 were used and diluted
with high pure nitrogen (N2). The optical absorbances were extracted from measured CH4
and CO2 spectra to check their linear response. The relationship between absorbance and
CH4 and CO2 concentrations was analyzed using a linear regression algorithm, shown in
Figure 8. From this figure, we can see that good linearity with regression coefficients R2 of
0.997 for CH4 and 0.999 for CO2, respectively, were obtained.
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Figure 8. Measured absorption depth with different concentration gradients for (a) CH4 and (b) CO2

and linear calibrations (c,d).

4.3. Allan Deviation Analysis

Allan deviation analysis method was used to determine the sensitivity and long-time
stability of the developed multi-gas sensing system. CH4 and CO2 standard cylinder gases
with certified concentrations of 249 ppm and 120,600 ppm were measured continuously
for 2 h. The time series concentration data are provided in Figure 9a,b. During the entire
observation process, the CH4 concentration varied in the range of 246 to 252 ppm, and the
CO2 concentration changed from 119,600 to 121,600 ppm. The Allan deviations were plotted
on a log−log scale versus signal average time, as shown in Figure 9c,d, the results indicate
that detection limits at a 1-second average time are 0.82 ppm for CH4 and 447.68 ppm for
CO2, respectively. The measurement sensitivity can be improved to 0.12 ppm for CH4 at an
optimal averaging time of 181 s and 35.97 ppm for CO2 at an optimal averaging time of
166 s. The results of Allan variance show that the gas sensing system has good stability.

4.4. Real-Time Measurement of Ambient CO2 and CH4

Finally, the developed dual-gas sensor system was applied for ambient CO2 and CH4
simultaneously. Lab indoor air was continuously sampled with a flow rate of 100 sccm and
gas cell pressure of 200 mbar. The spectra for ambient CO2 and CH4 are repeatedly scanned
one after the other at a total rate of 100 Hz and are subsequently averaged in 2 s to improve
the signal-to-noise ratio. The finally measured CO2 and CH4 concentrations for several
hours are shown in Figure 10. The result indicated that CO2 concentration is stationary
with an average of about 570 ppm within lunch break (13:30:00–14:30:00), after then the
concentration showed an obviously increasing trend, with a maximum over 1000 ppm as
shown in Figure 10a, which is mainly due to entry of laboratory personnel. In the case of
CH4, its concentration shows a stable during the entire measurement period as shown in
Figure 10b, which indicated no correlation with human activity. The calculated average
concentration of CH4 is approximate 1.3 ppm, which is approximately consistent with its
average atmospheric concentration level.
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Figure 9. (a) and (b) Time series concentrations of CH4 and CO2 continuously measured standard
gas samples, (c) and (d) Allan deviation of CH4 and CO2, respectively.

Figure 10. Time series of (a) CO2 and (b) CH4 were measured by using the gas sensing system from
the indoor air for ∼5 h on 13 April 2022.

For detailed analysis, the histogram analysis of the experimental data is also performed,
as illustrated in Figure 11. The histogram plot of CO2 is made from the relatively stable
concentration intervals, as labeled with a rectangle in Figure 10a, while all data in Figure 10b
were used for CH4 histogram analysis. The results indicated that the full width half
maximum (FWHM) of the Gaussian profile corresponds to the measurement precision of
76.73 ppm and 0.84 ppm for CO2 and CH4, respectively. The histogram plot analysis shows
a good Gaussian distribution, which indicates that the developed dual-gas sensor system is
mainly dominant with white noise.
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Figure 11. Histogram plot analysis of (a) CO2 and (b) CH4 concentration (details see text).

5. Conclusions

In this paper, an attractive gas sensing technique was proposed for the detection of
multi-gas species simultaneously, which is based on the fiber optical sensing ideal. The
details of parameters optimization of optimal sampling pressure, laser tuning character-
istics, and spectral sampling points were theoretically and experimentally investigated.
Two typical atmospheric greenhouse gases (CH4 and CO2) are selected as the analyte for
simultaneous calibration-free gas detection without time delay, and two fiber-coupled NIR
DFB diode lasers are used and coupled into a single optical path for measuring CO2 and
CH4 absorption spectra simultaneously. The results indicated that the developed laser spec-
troscopy sensor has good reliability and has been successfully demonstrated for ambient
CO2 and CH4 detection using a single detector without any time lag. The Allan–Werle devi-
ation analysis indicated that detection limits at a 1-second averaging time are 0.82 ppm for
CH4 and 447.68 ppm for CO2, respectively. The measurement sensitivity can be improved
to 0.12 ppm for CH4 at an optimal averaging time of 181 s and 35.97 ppm for CO2 at an
optimal averaging time of 166 s. detection limits of 0.12 ppm for CH4 and 35.97 ppm for
CO2 can be obtained with an integration time of 181 s and 166 s, respectively. The proposed
technique can be expanded to measure more molecules simultaneously by combing a laser
array and may pave a new way for developing a low-cost and ultra-compact multi-gas
laser spectroscopy sensing system.
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