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Microwave gas sensor (MGS) becomes a highlight recently because it can work at the room temperature (20 °C)
and has potential wireless application. However, there are still some problems such as low sensitivity and
linearity. In this short communication, a novel analysis method based on variation of energy loss was proposed as
sensor response for the first time. The as-prepared device is successfully used for NH3 detection based on
commercial graphite powder which can achieve a low detection limit (1 ppm, 20 °C), excellent selectivity and

humidity-resistance (20-95% RH). Moreover, the sensor shows good linearity for low concentration range of NH3
from 1 to 5 ppm (R2 = 0.999) or high concentration range from 10 to 200 ppm (R? = 0.99) through analyzing
energy loss calculated by both reflection and transmission, which is more linear compared with that only using
reflection or transmission. Therefore, this study provides a simple and universal method for response signal
analysis, which can amplify the weak sensing signal then realize high-performance MGS.

1. Introduction

Carbon-based material, such as graphene [1] and carbon nanotube
(CNT) [2] are widely used in gas sensor due to its high carrier mobility
and sensitive electrical conductance to target gas. However, high cost
and poor repeatability limit their commercial application. Compared
with graphene and CNT, graphite powder (GP) is more appropriate for
commercial application due to the lower price, easier preparation, and
better repeatability. GP has been applied in anode material of
lithium-ion batteries [3], high-temperature gas-cooled reactors [4] and
fast neutrons moderator [5] in nuclear engineering, and good solid
lubricant [6]. However, there are little reports about chemiresistor gas
sensor based on GP, because the specific surface area of GP is small and
the response is rather limited for non-functionalized GP [7].

Microwave gas sensor (MGS) has become a highlight in recent
research owing to the novel sensitive mechanism which can realize high
sensitivity at the room temperature [8-15]. Comparing with traditional
gas sensors [16], MGS can realize gas detection by variation of micro-
wave signal. There are two parts, including microwave circuit and

sensitive material, which determine sensing performance. The sensitive
material is applied on crucial area of microwave circuit. Especially,
because the large and rough surfaces of carbon-based materials are
beneficial for gas adsorption and diffusion, carbon-based materials
[8-10] seem to have better sensing performance than semiconductor
oxides [11-14] and organic matter [15]. About the circuit design, the
microwave antenna can only test reflection (S1;) under different gas
concentration with the absence of transmission signal (Sz1) [11].
Moreover, the quality factor (Q-factor) of antenna is relatively low,
which will reduce sensitivity. For increasing Q-factor and analyzing
microwave signal completely, the complementary split-ring resonator
(CSRR) as basic functional unit of metamaterial is applied for MGS [8].
Nevertheless, CSRR is located on the bottom of circuit, which will in-
crease the insertion loss and fabrication difficulty. As a result, the planar
microwave resonators, such as interdigital capacitor resonators [12,14,
15], spiral resonator [13], and split-ring resonator (SRR) [9] are
designed for MGS. Among them, SRR has relative high Q-factor and
region of highly concentrated electric field. Therefore, MGS consisting of
SRR can exhibit enhanced sensitivity and linearity and be an ideal
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Fig. 1. (a) Topology of proposed BSF; (b) electric and (c) magnetic field intensity of the MGS simulated by HFSS; (d) layout of proposed BSF; (e) photograph of
fabricated MGS; (f) SEM image of commercial GP; The photograph of (g) 10 L gas chamber and (h) VNA used in this work.

choice for gas sensing. However, the region of concentrated electric field
is located on ring gap, which is compact and can only coat limited
sensing materials. Recently, we have improved the gas sensing proper-
ties by designing the coupled-lines resonator (CLR) [10]. Compared with
other resonators [9,12-15], CLR has appropriate coating area, concen-
trated electromagnetic field, and simple structure, which make it more
suitable for high-performance MGS design. Therefore, it is meaningful to
combine the CLR and commercial GP for the fabrication of
high-performance MGS.

Here we for the first time utilize variation of energy loss as sensor
response signal for MGS. Aiming at NHs detection, commercial GP is
selected as sensitive material coated in the gaps of CLRs. The gas sensing
investigation indicates that proposed MGS has high sensitivity, good
selectivity, well linearity and humidity-resistance through analyzing the
energy loss calculated by both S;; and S2;. Compared with our previous
work [10], there are three unique features: (1) The detection limit is
improved from 10 ppm to 1 ppm based on the same circuit and simpler
sensitive material; (2) The linearity of response is enhanced by using
proposed novel analysis method; (3) The sensing mechanism based on
dielectric constant loss is proposed and verified in the final part of this

work.
2. Experimental

As shown in Fig. 1a, the narrow band-stop filter (BSF) consisting of
two CLRs and single transmission line was designed as MGS circuit. Z,
and Z, are the even- and odd-mode characteristic impedances of CLRs,
and Z, is the characteristic impedance of transmission line. All electrical
lengths 6 are equal to 90° at the center frequency 2 GHz. The design
parameters are Z, = 62.42 Q, Z, = 43.27 Q, and Z; = 58.95 Q. Rogers RT/
duroid 6010.2LM high-frequency substrate with thickness of 1.27 mm, a
relative permittivity of 10.2, and a loss tangent of 0.0023 was used to
fabricate BSF. The BSF was further simulated by Ansys High-Frequency
Structure Simulator (HFSS) electromagnetic modeling software to
determine the location that could provide maximum sensitivity. As
shown in Fig. 1b and 1c, the gaps of CLRs were the regions of highly
concentrated electromagnetic field and appropriate position for coating
material. Furthermore, the physical parameters of proposed BSF were
calculated by ADS software Linecalc tool with Wy =1.2, W; = 1.0, Wy =
0.8,L1 =13.8, L, = 16.6, and S; = 1.0 (Units: mm), as shown in Fig. 1d.
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Fig. 2. (a) Measured results of BSF before and after coating GP; (b) Sk and (c) ASg;, in different concentrations of NH3 at 20 °C; the fitting curves of ASg, for (d) low
NH; concentrations (1-5 ppm) and (e) high NH3 concentrations (10-250 ppm); (f) AS;; in different concentrations of NH3 at 20 °C; the fitting curves of AS;; for (g)
low NH3 concentrations (1-5 ppm) and (h) high NH3 concentrations (10-250 ppm).

The photograph of fabricated MGS is shown in Fig. 1e. The commercial
GP (Graphite powder, Sinopharm Chemical Reagent Co., 51010760, SP,
CAS:7782-42-5) was selected as the sensing material and coated in the
gaps of CLR by blade coating method. The SEM image of GP (Fig. 1f)
shown a typical layered structure (inset) with particle size from 10 to 40
pm.

All gas sensing tests were performed at room temperature (20 °C)
and 97.79 KPa in a custom 10 L gas chamber (Fig. 1g) by Vector
Network Analyzer (VNA, Anritsu MS46122B, Fig. 1h). In this work, the
gas response is defined as variation of energy loss at the resonator fre-
quency and can be expressed as

Response = ASg;, = Sparss® — gdir (@)
where Sg; is energy loss of the BSF, and can be calculated by
ISel* = 1= ISul* =[S @

3. Results and discussion

The measured S-parameters of BSF before and after coating GP are
shown in Fig. 2a. After coating GP, the resonant frequency shifts from
1.234 to 1.054 GHz because of dielectric constant increasing, and the
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Fig. 3. The schematic diagram of sensing mechanisms of proposed MGS.
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Fig. 4. (a) Resistance value of GP in DC; (b) dielectric loss tangent with the frequency range 1-2 GHz for GP; (c) selectivity of sensor to various gases at the
concentration of 50 ppm; (d) the responses of the sensor to 50 ppm NHj3 gas under different relative humidity at 20 °C.

changes of the amplitude are attributed to energy loss due to the con-
ductivity increase after GP coating. Fig. 2b-c show the Sg; and ASg in
the NH3 range from 1 ppm to 250 ppm, respectively. It is obvious that
the energy loss will raise with the increase of NH3 concentrations.
Moreover, Fig. 2d-e show the ASg; versus low and high NHj3 concen-
tration on the logarithmic scales, indicating that proposed MGS has good
linear response. The gas response analyzed by normal method in our
previous work are shown in Fig. 2f-h for comparison [10]. It is obvious
that the linearity has been significantly enhanced both in low and high
NHj3 concentration by the proposed novel analysis method.

The gas response can be attributed to dielectric loss tangent (tans)
variation of GP. For lossy dielectrics, the permittivity is given by

e =¢—jer=¢—jolw 3)

where ¢ and ¢” are the real and imaginary part of permittivity, c and @
are conductivity and frequency. Moreover, the dielectric loss tangent
quantifies dielectric material inherent dissipation of electromagnetic
energy and can be expressed as

tan§ = €'1/¢ @

As illustrated in Fig. 3, electrons would inject into GP due to electron
donating nature of NHs when GP is exposed to NH3 environment, and
the carrier concentration in GP will increase. Then, the conductivity and
tans of GP would increase, resulting in the enhanced dissipation of
electromagnetic energy in the MGS. The resistance value in DC and the
tans with frequency range of 1-2 GHz for GP were tested as shown in
Fig. 4a and 4b. It is obvious that the conductivity and tans of GP are
proportional to NH3 concentration, in accordance with the experimental
phenomena and theoretical mechanism discussed above.

In addition to response, selectivity is an important parameter against
different gas interference. It can be obviously seen that the sensor dis-
played highest response to 50 ppm NHjs as shown in Fig. 4c. Moreover,
the humidity influence on the gas response is shown in Fig. 4d. Even
though higher humidity values will cause a noticeable reduction in the
gas response (32.8%, 21.7%, 25.5%, and 31.7% reduction for 40% RH,
60% RH, 80% RH and 95% RH), the sensor is still capable of sensing the
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NHs.
4. Conclusions

In summary, we rationally designed the MGS based on GP for NH3
detection, and the results show that the sensor has a low detection limit,
excellent selectivity, well linearity, together with good humidity-
resistance at room temperature (20 °C). The gas response can be deno-
ted by the variation of dielectric loss tangent. Moreover, the gas
response has firstly adopted variation of energy loss, which was calcu-
lated by both transmission and reflection. Based on strong gas adsorp-
tion capacity of GP and the novel analysis method, the MGS realized a
high response and linearity compared with our previous works [10].
Meanwhile, sensing mechanism has been proposed and verified. This
work provides a useful strategy for high-performance MGS fabrication.
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