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Abstract: A novel approach to analysis of complex gaseous mixtures is presented. The approach
is based on the utilization of a compact gas chromatograph in combination with an array of
highly integrated and selective metal oxide (MOX) sensors. Thanks to the implementation of a
multisensory detector, the device collects multiple chromatograms in a single run. The sensors
in the integrated MEMS platform are very distinct in their catalytic properties. Hence, the time
separation by chromatographic column is complemented by catalytic separation by a multisensory
detector. Furthermore, the device can perform the analysis in a broad range of concentrations, from
ppb to hundreds of ppm. Low ppb and even sub-ppb levels of detection for some analytes were
achieved. As a part of this effort, nanocomposite gas sensors were synthesized for selective detection
of hydrogen sulfide, mercaptans, alcohols, ketones, and heavy hydrocarbons.
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1. Introduction

The detection and analysis of gases and vapors is an important part of the modern world,
where gas sensing technology is becoming increasingly important for various aspects of our lives.
Gas sensing technologies improve the self-sustainability of our society and the quality of everyday
life. A variety of gas analysis techniques and gas detectors are regularly used to improve safety and
establish more precise product quality control and process control [1,2]. Some industrial sectors such
as the food/medicine, automotive, heavy industry, environmental, security, and home appliances
sectors have utilized gas analysis for a wide range of applications [3—-6]. The minimum requirements
for analysis of gas samples, such as detection range and precision, are the most important parameters
that determine the type of gas analysis technique utilized in a system. The ongoing process of
developing new gas sensing methods in parallel with improving the conventional state-of-the-art
gas sensors is primarily governed by modern technological processes and ecological standards that
require better sensitivity, faster response and recovery time, better selectivity, and improved stability
from gas sensors. Applications of gas sensors, detectors, and analyzers in the area of public safety,
quality control, or system control show the importance of the detection of gaseous chemicals and
volatile organic compounds (VOCs), such as alcohols (ethanol, propanol, and methanol), ketones
(acetone), light hydrocarbons (methane, propane, and butane), heavy hydrocarbons (benzene, toluene,
ethylbenzene, xylene), sulfur-based compounds (H,S, sulfur dioxide, and mercaptans), and others (CO,
nitric oxide, ammonia) [7-9]. The detection of some specific gases in complex backgrounds as well as
multi-component analysis of gas mixtures was found to be critically important for field applications.

The most challenging task for gas analysis remains as selectivity. Traditionally, in the industrial
setting, compact personal monitors and leak detectors are used. These devices are based on arrays of
electrochemical, thermocatalytic, and infrared sensors, are equipped with an air intake system, and
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are capable of detecting two to four gases in the ppm range. Leak detectors have multiple drawbacks,
such as cross-sensitivity between the sensors and inability to work in complex chemical backgrounds.
Leak detectors cannot provide a user with a comprehensive picture of the gaseous sample, such as
partial concentrations of benzene, toluene, ethylbenzene, or xylene at ppb levels in the mix. As of
today, the cross-sensitivity issue has not been resolved, and sensors responding to a single compound
in a complex mix simply do not exist. One of a few presently existing solutions for a reliable analysis
of multi-component mixes is analytical gas chromatography (GC).

Gas chromatography (GC), in combination with a variety of detectors, such as mass spectrometry
(MS), flame ionization detectors (FID), photo ionization detectors (PID), pulse discharge detector
s(PDD), and thermal conductivity detectors (TCD) or IR and UV spectroscopy, is the most commonly
applied technique for the monitoring of complex gaseous mixtures [10-18]. The most popular GC
detectors, such as MS, FID and PID, have several advantages such as high sensitivity over an ultra-low
concentration range (<1 ppb) in combination with high accuracy and selectivity.

However, real-time field monitoring using a conventional GC with standard sensors (FID, PID,
etc.) has a lot of fundamental barriers and limitations due to its bulky size, heavy weight, special carrier
gases requirement, and high maintenance. The special carrier gases requirement (bulky gas tanks
need to be attached to the instrument for operation) is, probably, the major drawback of conventional
chromatography, limiting its portability. Furthermore, conventional gas chromatography utilizes an
approach of analyzing a total signal coming from the FID or PID detector. These types of detectors are
non-selective and respond to a wide variety of analytes. Typically, the PID and FID detectors response
and recovery times are not fast enough to separate all the chemicals coming from the GC column.
Additionally, some chemicals come out of the GC column at the same time and, because of physical
limitations, cannot be evaluated separately by PID and FID detectors.

For analysis in the field conducted by a first responder or a technician, low weight and small
size of the instrument, together with a short scan time, are essential. At the same time, real-life
gaseous analytes are complex blends of unpredictable nature, which require the field analysis to
be as comprehensive as the laboratory analysis. A detailed chemical analysis of a complex blend
using a single compact GC column requires a more advanced analytical technique than conventional
separation via retention time only. A productive approach to improving the evaluation of complex
mixtures is based on the implementation of integrated GC detectors. Alinoori and Masoum used a
sensor array detector in combination with multicapillary gas chromatography [19]. Cai and Zellers
implemented dual-chemiresistor GC detectors based on monolayer-protected metal nanoclusters [20].

In this work, we utilized a highly integrated multisensory platform as a GC detector. Multisensory
Gas Chromatography (MGC) is a hybrid approach combining gas chromatography and electronic
nose principles. By having an electronic nose as a detector, the chemicals within a single peak can
also be separated by catalytic reactivity, adding an extra dimension to conventional analytical gas
chromatography. The key advantages of our technology are the utilization of scrubbed ambient air as
a carrier gas and the utilization of a novel multisensory highly integrated platform as a GC detector.
The detector’s short response and recovery time, together with ultra-high sensitivity, allowed us to
obtain high-resolution chromatograms for analytes of interest from light (hydrogen sulfide, carbon
monoxide) to heavy (O-Xylene) in a short time interval of 12.5 min on a single compact GC column.

2. Experiment

The use of metal oxide (MOX) sensors as GC detectors has the advantage of enabling the use of
scrubbed ambient air as the carrier gas for the GC column. This is a great advantage for a portable GC,
because the user is not burdened with the bulk of compressed ultra-zero grade gases, which is required
by more traditional gas chromatographs using traditional detectors. A multi-sensor array system
was developed to improve the performance of the conventional metal oxide detectors, based on a
single sensing element. Multiple electronically independent sensing elements significantly improve the
signal-to-noise ratio of the detector due to independence of their outputs without chemical exposure
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and their synchronized response under exposure. The detector consists of an integrated multisensory
platform, with an array of four sensor elements and a modified transistor outline (TO) package
(Figure 1). The integrated multi-sensor platform (2.5 mm x 2.5 mm x 0.3 mm) was designed to control
the operation of four sensor elements at high temperatures, providing synchronized multisensory
analysis of gas samples.

E

Figure 1. Optical images of the (a) multi-sensor platform, the (b,c) multi-sensor platform mechanically
and electrically attached to a transistor outline (TO) electronic package, and the (d) gas chromatography
(GC) multisensory detector in the flow-chamber.

The integrated multisensory platform is owned by VAON LLC [21-23]. This design provides
high detector stability over a long period of time at elevated temperatures in the range between 200
and 600 °C. The multisensory platform consists of four pairs of platinum electrodes for four identical
sensing elements and a platinum cross-shaped heater located on the suspended membrane (1.5 mm
x 1.5 mm x 0.05 mm) at the center of the platform (Figure 1a,b). The contacts and the heater were
fabricated on the Si/SiO; (300/0.5 pm) substrate simultaneously, by using photolithographic (Suss
Mask Aligner MA6/MAS) and magnetron sputtering techniques (KJL PVD 75 Sputtering System),
followed by a liftoff process. The total thickness of 300 £ 10 nm of the Pt contacts and the heater was
verified by using a surface profilometer (KLA-Tencor Alpha-Step 1Q). The membrane structure was
fabricated by using reactive ion etching (RIE) and deep reactive ion etching (DRIE) techniques, by
utilizing MARCH RIE CS-1701 and Oxford PlasmaLab System 100 ICP 300 Deep RIE instruments,
respectively. The membrane is connected to the main platform’s base via small Si/SiO, connectors.
The temperature insulation of the multisensory platform from the TO package was accomplished by
suspending the platform on thin metal legs at the corners of the platform. The electrical connection
between the multisensory platform and the TO package was formed by using a wire-bonding technique
(Figure 1b). The individual sensor response is defined as the ratio of the sensor’s resistance in ambient
air to its resistance in the presence of analytes:

Sensor’s response = Raiy 1)

Rgas
Four different types of tin oxide (SnO,)-based nanocomposite thin films (Figure 2, Table 1) were
prepared, and a comprehensive analysis of their gas sensing performances was conducted. All the
depositions were conducted under 5 mTorr of argon pressure. A thin layer of SnO; (30 & 2 nm) was
first deposited over all four sensors (S1-54). During the SnO, sputtering, the deposition rate was
kept constant at 0.6 A/s by applying 200 W RF power to a 4 inch tin oxide (SnO; 99.99%) target
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under 12 mTorr of Argon pressure. The sensor S1 was left unmodified. The surface of sensor S2 was
functionalized with 10 = 0.2 nm of titanium dioxide (TiO, 99.99%), deposited over the SnO, layer
at 150 W RF power. The surface of sensor S3 was modified with a thin bimetal Au(90%)/Pd(10%)
alloy layer by simultaneous sputtering from both Au and Pd targets. The DC power for the Pd target
was 15 W to keep the deposition rate of Pd at 0.1 A/s, and the power for the gold target was 50 W,
keeping the deposition rate at 1 A/s. A 10 s deposition produced a layer of Au/Pd alloy 1.1 nm
thick. The sensor S4 was modified with 1.5 £ 0.2nm of platinum (Pt 99.99%), deposited over the
SnO; layer by applying 50 W DC power to a 2 inch metal target. The thicknesses of all the layers
were monitored during the deposition process by using a quartz crystal sensor (Inficon, Bad Ragaz,
Switzerland, Gold, 6Mhz) and verified by a surface profilometer (Alpha Step 500, KLA Tencor, Milpitas,
CA, USA). More information on the novel integrated detector is found in the works [21-23].

" Sensor 2
50 Dual Oxide
Sn0,/TiO,

Sensor 3 Sensor 4
SnO, coated with g=—==— SnO,coated with
bimetal Au/Pd Pt nanoparticles
nanoparticles

Figure 2. Materials used in the integrated detector.

Sensor 1
SnO,

Table 1. Sensor structure and composition as deposited.

Sensor # Sensor’s Bulk Material Sensor’s Surface Modification
S1 SnO; (30 + 2 nm) -
S2 SnO, (30 £ 2 nm) TiO;, (20 + 2 nm)
S3 SnO; (30 + 2 nm) Au/Pd (1.1 £ 0.2 nm)
S4 SnO; (30 + 2 nm) Pt (1.5 £ 0.2 nm)

The table-top MGC setup and its schematic diagram are shown in the Figures 3 and 4, respectively.
The analyzer is equipped with a Megabore Gas Chromatography Column (MXT-Wax, polyethylene
glycol, 30 m, 2 m film thickness, from Restek). The following operational conditions were implemented:
Flow rate of 14 sccm (standard cubic centimeters per minute) of clean dry air and constant column
temperature of 55 °C. The operational temperature of the detector was kept at 250 °C. The analyzer’s
operating cycle includes: Sampling, gas mixture separation, and detection. During the first step, the
gas sample is injected in the system. The detection of gas components was performed by the integrated
detector inside a low dead volume detector cell of 1 mL3. After the analysis, the purging and cleaning
cycle was applied to the systems to remove the leftover contaminants. This is an automatic function
that was performed by the analyzer using its own generated clean air.

Three gas mixtures were utilized for the illustration of the MGC concept. Each mix (Table 2) is of
interest for a particular industrial, environmental, or biomedical application [24-38]. The detection
of low concentrations of H,S, ethyl-mercaptan, and BTEX (benzene, toluene, ethylbenzene, xylene)
compounds was ascertained to be very important for indoor air quality monitoring. All the gas
compounds from Mix. 1 were diluted in 1 L of zero grade air, and then a small sample volume of
50 mL was analyzed. The chromatograms of Mix. 1, collected simultaneously from all four sensor
elements of the integrated detector, are shown in Figure 5. Seven major peaks were detected and each
of the compounds was identified according to a specific retention time.
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Figure 3. Table-top multisensory gas chromatography (MGC) experimental setup.
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Figure 4. Schematic diagram of the experimental setup.
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Figure 5. Gas chromatogram of Mix. 1: (a) Zoomed image of light compounds and (b) the full gas
chromatogram. (1. H,S 100 ppb, 2. Ethyl-Mercaptan 50 ppb, 3. Benzene 10 ppb, 4. Toluene 10 ppb, 5.
Water, 6. Ethylbenzene 10 ppb, 7. O-Xylene 10 ppb).
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Table 2. Gas mixtures and concentrations.

Mix. # Gases and Concentrations Possible applications Ref.

H,S (100 ppb)
Mercaptans (50ppb),
Benzene (10 ppb)
Toluene (10 ppb)
Ethylbenzene (10 ppb)
O-Xylene (10 ppb)
Methane (99.99%),
H,S (100 ppb)
Mercaptans (50ppb),
Benzene (10 ppb) Natural gas analysis [10-12]
Toluene (10 ppb)

Ethylbenzene (10 ppb)

O-Xylene (10 ppb)

CO (10 ppm)

H,S (100 ppb)

Ethyl-Mercaptan (50ppb)

Acetone (50 ppb)

Ethanol (50 ppb) Human breath analysis [13-18]
Benzene (10 ppb)

Toluene (10 ppb)

Ethylbenzene (10 ppb)

O-Xylene (10 ppb)

Indoor air quality control [4-9]

PN U R ONE NSO R ®NE|O R ON S

Furthermore, the ability of the system to analyze gas samples in complex backgrounds (different
than air) was tested and verified in this series of experiments. The detection of ultra-low concentrations
of gas impurities (H;S, ethyl-mercaptan, benzene, toluene, ethylbenzene, and o-xylene) in pure
methane (99.99%) was accomplished, and all the gas components were identified (Figure 6a,b).
The light compounds were separated within a very short time interval (<20 s) thanks to the specificity
of the sensors S2 and S3 to H,S and hydrocarbons, respectively. The experiment with methane as
a background gas confirms the advantage of multi-dimensional chromatography by using an array
of sensors instead of a single non-selective PID or FID detector. This advantage can be utilized
in the area of natural gas analysis by using a portable instrument with a single GC column under
constant temperature.

(a) ——Sn02 (S1) Sa (b) ——Sn02 (S1)
25 —Ti02-Sn02 (S2) 35 —Ti02-Sn02 (S2)
—— Au/Pd@Sn02 (S3) Q" —Auw/Pd@SnO2 (S3)

AU/Pt@Sn02 (S4) AW/Pt@Sn02 (S4)

2.

Sensor’'s response

-0.5

0 10 20 30 40 50 60 70 80 90 100 0 100 200 300 400 500 600
Time (sec) Time (sec)
Figure 6. Gas chromatogram of Mix. 2: (a) Zoomed image of light compounds and (b) the full gas
chromatogram. (1. Methane 99.99%, 2. H,S 100 ppb, 3. Ethyl-Mercaptan 50 ppb, 4. Benzene 10 ppb, 5.
Toluene 10 ppb, 6. Water, 7. Ethylbenzene 10 ppb, 8. O-Xylene 10 ppb).
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The third gas mixture (Mix. 3) was analyzed in order to demonstrate the instrument’s ability
to process very complex gas samples, similar to a human breath, with 10 or more compounds from
different chemical groups (hydrocarbons, ketones, alcohols, sulfur compounds, and CO). It was found
that some biomarkers in human breath like acetone, ammonia, CO, hydrogen sulfide, mercaptans, and
BTEX can be used for diagnostics of diseases, as well as for monitoring the level of exposure to toxins.
Mix. 3 was introduced into the GC and the output of the four sensors from the integrated array is
shown in Figure 7. The same mix was introduced into a GC, utilizing a conventional MOX detector
(TGS 2602, Figaro USA Inc., Arlington Heights, IL, USA). The detector output is shown in Figure 8.
As it can be seen from comparison of Figures 7 and 8, the chemicals from 1 to 3 (carbon monoxide,
hydrogen sulfide, and ethyl mercaptan) and 5 and 6 (ethanol and benzene) are inseparable by a
conventional detector and come out as single peaks on the chromatogram. Their partial concentrations
cannot be measured using a conventional detector. In contrast, due to the quick response and recovery
of the multisensory detector, these chemicals are separated in time as individual peaks.

(a) ——Sn02 (S1) \\ (b) ——Sn02 (S1)

S s —Ti02-Sn02 (S2) ’\5\ —Ti02-Sn02 (S2)

= — AWPd@Sn02 (S3) o M= = = — Au/Pd@Sn02 (S3)
2. AW/Pt@Sn02 (S4) 3 Au/Pt@Sn02 (S4)

Sensor's response

0 10 20 30 40 50 60 70 80 90 100 0 100 200 300 400 500 600
Time (sec) Time (sec)
Figure 7. Gas chromatogram of Mix. 3: (a) Zoomed image of light compounds and (b) the full gas
chromatogram. (1. CO 10 ppm, 2. H,S 100 ppb, 3. Ethyl-Mercaptan 50 ppb, 4. Acetone 50 ppb, 5.
Ethanol 50 ppb, 6. Benzene 10 ppb, 7. Unknown, 8. Toluene 10 ppb, 9. Water, 10. Ethylbenzene 10 ppb,
11. O-Xylene 10 ppb).

1 1
b
(a) —Figaro sensor (TGS 2602) ¥s o (b) —Figaro sensor (TGS 2602)
0.8 \
% 0.6 -é’
2 04 &
2 1.2.&3 g
[} e . 4. 5
o ‘/\/\ .
0
0.2 =
0 10 20 30 40 50 60 70 80 90 100 0 100 200 300 400 500 600
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Figure 8. Gas chromatogram of Mix. 3 by using conventional non-selective metal oxide (MOX) detector:
(a) Zoomed image of light compounds and (b) the full gas chromatogram. (1. CO 10 ppm, 2. H,S
100 ppb, 3. Ethyl-Mercaptan 50 ppb, 4. Acetone 50 ppb, 5. Ethanol 50 ppb, 6. Benzene 10 ppb, 7.
Unknown, 8. Toluene 10 ppb, 9. Water, 10. Ethylbenzene 10 ppb, 11. O-Xylene 10 ppb).

In addition to qualitative evaluation of gas mixtures, a quantitative calibration of the integrated
detector was also performed. The standard approach for GC signal evaluation is based on calculating
the area under the curve for each peak detected. In this work, the integrated detector’s response was
calculated by integrating the area under the curve over the time interval for each gas.
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The detector’s performance was evaluated over a period of 10 days. During this time, the response
of the detector was monitored upon exposure to different concentrations of detectable gases: H,S
(10-500 ppb), ethyl-mercaptan (10-500 ppb), acetone (10-500 ppb), ethanol (10-500 ppb), and BTEX
(10-500 ppb). Finally, the calibration curves for the concentrations of various gases for all four sensors
were obtained and shown in Figure 9a—d. All four sensors exhibited a non-linear behavior upon
exposure to various gases in the concentration range between 10 and 500 ppb. It was verified that pure
SnO; has very low sensitivity at ppb level and poor selectivity (Figure 9a). The TiO,-SnO, sensor,
which was specifically designed for the detection of H;S, also displayed a high response to ethyl
mercaptan (Figure 9b). The SnO, sensor modified with Au/Pd bimetal nanoparticles was capable
of detecting heavy (BTEX) hydrocarbons at ultralow concentrations (Figure 9¢c). Finally, the highest
sensitivity to ethanol and acetone was obtained by using SnO, film modified with Pt nanoparticles
(Figure 9d).
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9 Ethyl-mercaptan ( a) 45 Ethyl-Mercaptan (b)
2 g ] —%—Acetone 2 40 ] —&—Acetone
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Figure 9. Calibration curves for (a) SnO», (b) TiO»-Sn0O», (¢) Au/Pd@SnO;, and (d) Pt@SnO,, obtained
by integrating the total area under the sensors’ response curves over specific time interval.

The carbon-based pre-concentrator material (10 mg of Carbopack B, 60/80 mesh from Supelco No.
20273) utilized in the portable GC was specifically targeting heavy hydrocarbons (BTEX). A sub-ppb
level of detection was achieved thanks to the utilization of the pre-concentrator in combination with
a highly sensitive detector (Figure 10a). In the process, the background signal from the GC was
recorded upon analyzing zero grade air samples. It was determined that the integrated response of
the Au/Pd@SnO; sensor to 0.5 ppb of BTEX was higher than the background signal of the portable
GC for all the BTEX components, with a confidence level of 99.74% (Figure 10b). It is worth noting
that the fast response and recovery of the detector substantially improves the spectral resolution of the
GC and makes the sample analysis more comprehensive, especially in cases of complex contaminated
backgrounds or high humidity conditions.
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Figure 10. (a) Gas chromatogram of 0.3 ppb of the BTEX mixture; (b) integrated detector’s response to
0.3 ppb of BTEX mixture and integrated GC background signal.

3. Discussion

The ability of the instrument to analyze complex mixes containing light and heavy compounds
on a single compact GC column at constant temperature is one of the key advantages that separates
our technology from similar products. In particular, for a portable natural gas analyzer, the ability
to analyze sulfur-based gaseous compounds and BTEX at the same time is of great importance.
It was achieved thanks to the chemical compositions and morphologies of the materials utilized in
the integrated detector. Materials for the integrated detector were selected based on considerations
as follows.

The advanced sensitivity of the hybrid type SnO,-TiO; sensor is mainly related to a specific
charge transfer and heterojunction formation between the grains of two different oxides. The electronic
structures of SnO; and TiO, oxides, including band gap, work function, and electron affinity, were
found to be different (Figure 11a). The band gap of polycrystalline SnO, for direct (4.17 eV) and
indirect (3.35 eV) transitions was measured by using UV-Vis spectrometry (Tauc plot, Thermo Scientific,
Waltham, MA, USA) and was found to be larger than the optical band gap of TiO,, with 3.84 eV and
3.15 eV for direct and indirect transitions, correspondingly. The result obtained from the optical band
gap measurement agrees with values previously reported by other research groups for polycrystalline
SnO, with rutile crystal structure (3.5-4.0 eV) [39-41] and polycrystalline TiO, with anatase crystal
structure (3.2-3.6 eV) [42-45]. Also, the work function of polycrystalline rutile SnO, [46] was reported
to be larger than the work function and electron affinity of polycrystalline anatase TiO, [47,48] by
approximately 0.3-0.5 eV. As a result of different band energy structures, a type two heterojunction
is formed between SnO, and TiO, nanocrystals, with valence and conduction band misalignment
and bending at the crystals interface (Figure 11b) [49,50]. It was shown that that the heterojunction
is growing, even in the case of anatase TiO, and rutile SnO, crystals with slightly different lattice
parameters. The formation of the heterojunction leads to a discontinuity in the conduction band and
formation of the energy barrier at the interface due to the electron transfer. The electron transfer from
the conduction band of TiO, to the conduction band of SnO; is primarily determined by the position
of the Fermi energy level of TiO,, which is higher with respect to SnO;, Fermi level.
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Figure 11. Schematic diagrams of flat energy band approximations of (a) SnO, and TiO; and (b) the
TiO,-SnO; heterojunction in vacuum.

The effect of charge transfer and heterojunction formation on the gas sensitization mechanism of
nanocomposite SnO; /TiO; is shown in Figure 12 and is determined by three components. First, the
transfer of free carriers from TiO; crystal leads to the increase of incomplete bonding in TiO, crystals.
Second, a relatively high electron affinity of TiO, determines the adsorption of reducing gases in the
form of negative ions at the TiO, surface. Third, the formation of an electron-enriched zone at the
SnO; side of the interface amplifies oxygen adsorption in this region [51,52] under standard ambient
air conditions. Trapping of free electrons at the surface of the electron-enriched region increases the
depletion depth (zg) and reduces the conductance of the TiO,-SnO, layer compared to the conductance
of polycrystalline SnO, (Figure 12a). In our experiments, TiO,—SnO, hybrid sensors demonstrated
higher resistance in the ultra-zero grade air and also a much higher R;;;/Rgas upon exposure to H,S,
compared to a single-oxide homogeneous system. This is because hybrid TiO,-SnO, sensors have
more surface oxygen species, resulting in the generation of higher numbers of free carries from catalytic
oxidation of H;S to water and sulfur dioxide than the same reaction at the surface of polycrystalline
SnO, [53]:

SnO; (Temp~150-200 °C)
%

H,S + 30~ H,O + SO, + 3¢ ™. )

(@) sno,
-0 ©,

Figure 12. (a) Electronic grain structure of a hybrid SnO, /TiO, layer in ambient atmosphere and (b)
upon exposure to HS.



ChemEngineering 2019, 3, 13 11 of 18

The direct oxidation of H,S to elemental sulfur with stoichiometric amounts of oxygen at the
surface of the TiO; crystal is mainly described by MODOP (mobile direct oxidation process) [54]:

TiO, (T ~150-200 °C
H,S 4+ 20~ nOx(Temr} )

H,O + %Sn +2e”. (©))

The other oxidation reactions between H,S and ionized surface oxygen at the surface of TiO,
crystals are also possible and not restricted. The enhanced catalytic activity of both oxides, together
with amplified resistance changes due to charge transfer effects (bulk-surface and oxide—oxide), make
the hybrid TiO,-SnO; sensor superior to single-oxide (SnO; or TiOy) sensors (Figure 12b).

The effect of monometallic nanoparticles was found to have a significant impact on the sensor
performance. At the same time, it was shown that different metal doping (Au vs. Pd) might have
different effects on conductivity of the main oxide (SnO;) and sensing mechanisms [55,56]. In our
work, we developed a novel SnO; gas sensor based on Au/Pd bimetal nanoparticles by combining the
best theories and observations reported by different research groups over the years. In our design, the
main function of the ultrathin (30 nm) tin oxide layer is to be a catalyst support material for bimetal
nanoparticles that can be easily depleted or enriched with free carriers from gas species or from the
bimetal nanoparticles. The catalytic activity of pure SnO, crystals (far from the metal-semiconductor
junction) is its secondary function, based on much higher catalytic activity of noble metal nanoparticles
under low activation temperatures (~200 °C). The performance of SnO, layer functionalized with
monometallic nanoparticles was found to have its natural limitations due to the specific properties
of the metals (Au or Pd). Pure gold nanoparticles have extremely high catalytic and dissociative
activity, but the formation of a metal-semiconductor junction between the gold nanoparticles and the
SnO; crystals has not been observed (Figure 13a). In contrast, the Pd nanoparticles create an excellent
electronic junction with SnO, nanocrystals, but they are less efficient in terms of mobile oxygen
dissociation and gas spillover effect (Figure 13b). Sensor functionalization with bimetal nanoparticles
combining the best characteristics of both metals, including small particle size, thermal and mechanical
stability, catalytically active surface, and electronic exchange between the metal nanoparticles and the
MOX layer, is the one of the original ideas in this work. In particular, Au/Pd bimetal nanoparticles
were synthesized to improve the catalytic activity of metal nanoclusters, and provide stable electronic
interactions between Au/Pd nanoparticles and the support layer (Figure 14) [57-59].

l:' Au, Pd nanoparticles D SnO, surface depletion region D SnO, bulk ‘__* SiO, support

Figure 13. A schematic diagram of the gas sensing mechanism of polycrystalline SnO, functionalized
with (a) gold nanoparticles with the primarily chemical (spill-over) type of sensitization, and (b)
palladium nanoparticles with the primarily electric (Fermi level) sensitization type.
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Figure 14. A schematic diagram of the gas sensing mechanism of polycrystalline SnO, functionalized
with bimetal nanoparticles with a hybrid sensitization type, when spill-over and electric mechanisms
complement and amplify each other.

A series of experimental evaluations of the integrated GC detector were accomplished and several
important characteristics were obtained, including: The optimal operational temperature, response
value (R,ir /Rgas), detection limit upon steady state exposure to low concentrations of analytes, and
detector’s sensitivity to humidity. The optimum operational temperature of the sensors for detection of
low concentrations of analytes was obtained by using a multi-channel gas mixing system. During the
experiment, the baseline resistance was measured in ultra-zero grade air (Figure 15a) under different
temperature conditions in a range from 25 to 400 °C, and the change of the sensors’ resistances were
then recorded upon steady state exposure to 0.5 ppm of benzene (Figure 15b). The sensors’ responses
(Rair/Rgas) was then calculated for each temperature condition and the optimum temperature with
a corresponding maximum sensor performance was found for all four sensors (51-54) (Figure 15c).
It was found that when the target gas was switched from benzene to toluene of the same concentration,
the same result for the optimum operating temperature was obtained for all the sensors. Pure SnO,
sensor demonstrated very poor sensitivity and a high operational temperature of 325 °C. The highest
baseline resistance as well as the highest response was observed for the SnO; functionalized with
bimetal Au/Pd alloy nanoparticles (S3). The lowest operational temperature of 250 °C was also
observed for the same sensor S3.

After the optimum operational temperature was determined, sensors’ responses to different
concentrations of analytes and the sensors’ baselines were monitored over a period of two weeks
(Figure 16a,b). The sensors demonstrated linear behavior upon exposure to lower concentrations
(1-100 ppb) and a nonlinear behavior for higher concentrations (>100 ppb). It was found that
functionalization of sensors with metal nanoparticles increases the sensitivity of sensors. Sensor S3
demonstrated the highest sensitivity toward the low concentrations of benzene and toluene.

The minimum limit of detection (LOD) for analytes with a confidence level of 99.7% was
determined by analyzing the drift in the sensor’s baseline and the sensor’s response over the period of
two weeks. The concept of LOD is demonstrated in Figure 17. In this analysis, the normal distribution
function was used to find the average value and the standard deviation of the baseline over time and
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the variations in sensors’ responses over time for multiple identical exposures. A low detection limit is
defined as the minimum measurable signal exceeding the threshold. The threshold is equal to the mean
value of noise plus three standard deviations of the noise. The distance of three standard deviations
from the mean value corresponds to 99.7% of the area under the normal distribution curve. Hence, the
choice of parameters will assure that the signal can be distinguished from noise with 99.7% probability.
In Figure 16, the horizontal dashed line shows the level of the threshold. All of the points above the
threshold can be detected with 99.7% probability or higher. Also, a comparative analysis of the sensors’
performances at different humidity levels, as well as the responses of sensors to 0.5 ppb of analytes
under different humidity conditions, was investigated. The baseline resistances of sensors S1-54 were
recorded upon exposing them to ultra-zero grade air, and the corresponding humidity level inside
the detector’s chamber was found to be less than 5%. The response of each sensor upon increasing
the relative humidity to 25%, 60%, and 90% was then calculated (Figure 18a). The responses of
sensors S1-54 upon exposure to 0.5 ppb of benzene were collected under different humidity conditions
(Figure 18b). It was demonstrated that the responses were affected by the humidity level. Based on
our experiments, it was found that the sensors containing metal nanoparticles are less affected by
humidity. However, the humidity level will not affect the device performance in any way, because with
the current sampling system, the water will be completely separated in time from the other analytes.

(a) (b)
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Figure 15. (a) Baseline resistances of the sensors S1-54 in ultra-zero grade air, (b) the corresponding
resistances of sensors S1-54 in the presence of 0.5 ppm of benzene, and (c) the calculated responses of
sensors S1-54 to 0.5 ppm of benzene over the temperature range from 25 to 400 °C.



ChemEngineering 2019, 3, 13 14 0f 18

a Sl A
@ |3 IR .
100 | ° 83 o oS3 o
° S4 ° 100 o S4 o
2 ‘ g
: I ? f
. t H : : : ]
~ 10 ~
= 10
Pt i P ! I ’ { pd }
f
E ¢ i [ i i ,,,,,,,,,,,
1 F i i . 1 3 . — —
10 100 1000 10 100 1000
Concentration (ppb) Concentration (ppb)

Figure 16. Sensor responses to different concentrations of (a) benzene and (b) toluene in a range
between 12.5 and 500 ppb. The horizontal dashed line shows the detection threshold.
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Figure 17. Illustration of the limit of detection (LOD) concept. The concentration corresponding to the
lowest detector’s response (red curve) that can be distinguished from the detector’s noise (blue curve)
is the LOD.
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Figure 18. (a) Responses of sensors S1-54 to different relative humidity levels and (b) the responses of
the sensors S1-54 to 0.5 ppb of benzene under different humidity conditions.

4. Conclusions

In this work, we introduced a concept of multisensory gas chromatography by utilizing
a multisensory integrated platform as a detector for a compact GC. A unique combination of
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elements and principles utilized in our device brings analytical gas instrumentation to a new level.
Novel nanocomposite metal oxide MEMS sensors arrays demonstrated outstanding performance for
detection of ultra-low concentrations of gases and vapors, down to the 1 ppb level. The detector’s short
response and recovery time, together with ultra-high sensitivity, allowed us to obtain high-resolution
chromatograms for analytes of interest in a short time interval of 12.5 min. By combining time
separation, using a chromatography column with chemical separation (by catalytic reactivity), a
substantially more comprehensive analysis of a gas mixtures can be then obtained. That is, by utilizing
four very different sensory elements in one detector, four chromatograms are obtained in a single
analysis cycle, adding another dimension to the separation and recognition of chemicals.
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