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Abstract: Volatile organic compounds (VOC) gas detection devices based on semiconductor sensors have become a
common method due to their low cost, simple principle, and small size. However, with the continuous development of
materials science, various new materials have been applied in the fabrication of gas sensors, but these new materials have
more stringent requirements for operating temperature, which cannot be met by existing sensor modules on the market.
Therefore, this paper proposes a temperature-adjustable sensor module and designs an environmental monitoring system
based on the STM32F103RET6 microprocessor. This system primarily utilizes multiple semiconductor gas sensors to
monitor and record the concentrations of various harmful gases in different environments. It can also monitor real-time
temperature, humidity, and latitude and longitude in the current environment, and upload the data to the Internet of Things
via 4G communication. This system has the advantages of small size, portability, and low cost. Experimental results
show that the sensor module can achieve precise control of operating temperature to a certain extent, with an average
temperature error of approximately 3%. The monitoring system demonstrates a certain level of accuracy in detecting target
gases and can promptly upload the data to a cloud platform for storage and processing. A comparison with professional
testing equipment shows that the sensitivity curves of each sensor exhibit similarity. This study provides engineering and

technical references for the application of VOC gas sensors.
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1. Introduction

With the continuous development of society, various new types of organic materials have emerged and are
increasingly applied in people’s daily lives. However, the production of these new organic materials often
accompanies the emission of volatile organic compounds (VOCs) that are harmful to human health and the
environment. Therefore, it becomes increasingly important to detect VOC gases in the environment to provide
people with a healthy and comfortable living environment.

Over the past few decades, many types of gas sensors have been developed based on different materials
and methods. Existing gas sensors include catalytic combustion, electrochemical, thermal conductivity, infrared
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absorption, paramagnetic, solid electrolyte, and metal oxide semiconductor sensors !,

The demand for operating temperature becomes more stringent when new materials are employed in gas
sensors. In their article, Li et al. explore the influence of operating temperature on the response of sensors
when using ZnO/Zn2SnO, composite material as the sensing material. The response of three sensor samples
to 100 ppm formaldehyde was recorded at different operating temperatures ranging from 120°C to 230°C. The
response of all three sensors increased with rising temperature, reaching a peak at 160°C, and subsequently
decreased with further temperature increase. Therefore, it can be inferred that at lower operating temperatures
(below 160°C), the reaction between formaldehyde and adsorbed oxygen is accelerated, increasing sensor
response. However, with further temperature elevation (above 160°C), the desorption rate of adsorbed oxygen
exceeds the adsorption process, leading to a reduction in the mass of adsorbed oxygen and a subsequent
decrease in sensor response .

Ma et al. highlighted in their research on the fabrication of three-dimensional Ce-doped SnO multilevel
microspheres and their application in formaldehyde gas sensors that gas sensors based on semiconductor
materials exhibit high sensitivity to operating temperature. To determine the optimum operating temperature,
the response of sensors based on Sn;O, and Ce-Sn,0, graded microspheres to 100 ppm formaldehyde was
evaluated across a range of operating temperatures from 65°C to 325°C. The results demonstrated that the
response values of all sensors increased with rising operating temperature, peaking at 200°C, and subsequently
decreased with further temperature elevation ™.

Due to the requirement for precise temperature control to ensure excellent material performance, the
control of operating temperature in gas sensors is of paramount importance. However, currently available
gas monitoring devices on the market, despite their portability, lightweight design, and fast detection speed,
generally lack the ability to control the operating temperature of the sensors. Commonly used sensor modules
rely on fixed heating resistors and fixed voltage for sensor heating. Additionally, these devices are often
constrained by microprocessors and circuitry, and the presence of multiple functionalities tends to reduce the
range of detectable gas types .

In response to the aforementioned issue, the research team embarked on a study and devised a sensor
module capable of controlling the heating temperature to a certain extent. This was done to address the
varying temperature requirements when applying novel materials to gas sensors. Additionally, based on the
sensor module design, a VOC gas monitoring system was developed using an STM32 microprocessor and
communicating with up to 16 sensors via the 12C interface.

2. Materials
2.1. Overall system design framework

The VOC monitoring system is mainly divided into roughly four modules. This system comprises
temperature and humidity sensors, VOC gas sensors, EC8O0ON-CN Internet of Things (IoT) wireless module,
ADS1015 analog-to-digital converter, power supply section, etc. The overall structure of the system is
illustrated in Figure 1.
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Figure 1. System block diagram

(1) Sensor module: This module is the most important component of the system as it forms the foundation
for all the operations . The module is divided into three parts. The first part consists of a matrix
composed of 16 gas sensors, which are responsible for collecting information on various harmful
gases in the environment and generating analog signals. The second part is the DHT11 temperature
and humidity sensor, which outputs a single bus and directly obtains digital signals transmitted to the
STM32. The third part is the GPS function in the EC800N-CN module, which transfers the acquired
device location information to the STM32.

(2) Data acquisition module: This module is the core of environmental monitoring. Its function is to convert
the analog signals from the gas sensor matrix into digital signals and then pass them to the STM32
for further processing. It consists of four ADS1015 converters, which communicate with the STM32
through 12C (serial communication protocol) for data transmission.

(3) Process control and data processing module: This module is the central part of the monitor and
performs functions such as data conversion and processing, initialization of various hardware systems,
and initialization of the 4G display module.

(4) Data output module: This module is responsible for transmitting real-time monitoring data to the cloud
platform via 4G, facilitating data viewing and analysis. It consists of an EC§00N-CN module.

2.2. Circuit design

2.2.1. Main control circuit

In this study, the main control chip of the monitoring system adopts the STM32F103RET6 microprocessor
launched by STMicroelectronics. Thanks to the powerful control functions of the STM32, using it as the main

control chip for the atmospheric VOCs monitoring system is highly appropriate ',

2.2.2. Power circuit

The STM32 operates within a supply voltage range of 2.0 to 3.6V. In the design of the main control chip power
supply section, a unified 3.3V is chosen for this system. Additionally, external ADCs using [2C communication
are employed in the system design to collect and convert sensor analog signals "'”. Thus, two separate 3.3V
power supplies are required to power the main control unit and the ADCs along with the sensor measurement
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section. Furthermore, a 5V power supply is needed for the sensor heating section. Therefore, the system design
necessitates multiple different voltage levels. In summary, the system design utilizes a common 9V power
adapter connected to the 220V AC power supply as the main power source, and alternatively, a 9V battery

pack can be used as a power source. The schematic diagrams for the 5V and 3.3V power supply circuits are
illustrated in Figure 2.
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Figure 2. Power circuit schematic diagram

2.2.3. Circuitry for the data acquisition module

The data acquisition is completed using ADS1015, which supports both single-ended and differential
measurements, featuring four programmable gain amplifiers with a gain range of +/-2/4/8/16V. The maximum
sampling rate can reach 860sps. It converts the collected analog signals into digital ones for STM32 to read and
process. The schematic diagram of a single ADC module is shown in Figure 3.
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Figure 3. Schematic diagram of individual ADC module circuit

Furthermore, in order to capture a wider range of VOC gases, the monitoring system employs four
ADS1015 devices connected in parallel. Each ADS1015 is configured with a unique address, enabling the

collection of data from 16 analog signals. The schematic diagram for the parallel connection of the four
ADSI1015 devices is depicted in Figure 4.
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Figure 4. Schematic diagram of parallel connection of four ADS1015

2.2.4. Circuit of VOC gas sensor module

The primary task of this monitoring system is the data acquisition of VOC gases. In this system, the design
separates the sensor heating and measurement processes '), The measurement component’s AO, an analog
output signal, connects to the signal receiving pin of the ADS1015, while the heating component utilizes an
LM2596-ADJ DC-DC buck converter to adjust the heating voltage. The system is designed to regulate a 5V
voltage to meet the heating temperature requirements of different metal oxide materials in the sensors, ensuring
optimal operating temperatures for the metal oxide sensors. The circuit schematic of the VOC gas sensor

module is shown in Figure 5.
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Figure 5. Schematic diagram of VOC gas sensor module circuit
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2.2.5. Circuit of 4G module

The 4G functionality of this system is implemented using the EC800N-CN module. By inserting a SIM card
into the SIM card interface provided by the EC§800N-CN module, the VOC gas data received by STM32 is
uploaded to Alibaba Cloud via 4G signals. The circuit schematic of the wireless data communication module is
shown in Figure 6.

ECH_ DoMWL HEZEHAED
BCH_DIW HEZEHAED

BCH2AMC HEZEHAED

BECKLCTK HEZEHAED

WIX_L0 I5C_E0W

| WX H¥D I5C 2Cr
| A0 HEZEHNED
| E HEEEHAED HEZEHNED
= BN auD

ADD ExL auD

P HLE auD

W _CLE aHD

WA DCo HEZEHAED

FIE_HI HECEHMAED
M OLE HEEEHMED
M LXD HEEEHMED
A W HeD HESEEAED
HEL 2I¥LNZ Mm2is DEL
EEEEL H HECEHMAED B
=% M2 RS _ADD HEEEHAED

Mmais_Cre M2 801 E
3 M2_HEL HEEEHAED §;
mais 09y HEEEHMAED
A0 HEEERMED
EEZEEMAED HEEEHMAED B
HEZEHENAED HEEEHAED
A EMEKEA QD &y
2EH_H 3HO &
2bH b QD E
=& MIC_H aHD

HIC &= WD &
4 EECERNED auD

Figure 6. Schematic diagram of wireless data communication module circuit

3. Method
3.1. Development of the main program

The main program primarily facilitates MQTT-based communication between the STM32 and the cloud
platform, enabling the collection and transmission of VOC gas concentrations, temperature, humidity, and
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geographical location data. The first step involves calling the initialization routine, which includes initializing
12C, ADS1015 analog-to-digital conversion (ADC), EC800N-CN module initialization, direct memory access
(DMA), serial ports, and real-time clock (RTC). The second step involves self-checking to verify the successful
initialization and normal operation of hardware components such as [2C, DHT11, ADS1015, and EC800N-CN,
as well as the ability to read and write data through various interfaces. Subsequently, under the control of the
clock control system, data is sampled and processed every 10 seconds ..

3.2. Design of data acquisition program

Based on the 12C bus and ADS1015 (ADC), a program for the ADC module is designed. Initially, the
STM32’s I2C module is initialized, which includes configuring the GPIO for I12C and setting up the 12C mode.
Subsequently, the ADS1015 is initialized, completing its configuration. Upon powering up the STM32 and
ADS1015, the STM32 checks for the presence of the ADS1015. Once confirmed, it begins receiving the 12-
bit digital signals collected by the ADS1015. These digital signals, when divided by 1000, represent the voltage
signal VOUT detected by the VOC module at a certain concentration. Through formula (1), the resistance value
RL can be obtained.

Ry x (3.3V—Voyr)
R, = 12 our (1)

Vour

Vour: The analog voltage signal output by the circuit

R,: The resistance value that reflects the change in gas concentration
R,,: The measuring resistance

3.3V: The total voltage of the measuring circuit

Once R, is obtained, the ratio of R; to the initial resistance R can reflect the gas concentration in the

current environment.

3.4. Design of the 4G module program

This monitoring system utilizes the Alibaba Cloud IoT platform as the data receiving end. It achieves
data transmission to the cloud by customizing products and devices and creating physical models for
display. Moreover, historical information uploaded by devices to the platform is archived for easy access to
past data. The STM32 employs the MQTT protocol to transmit data to the cloud via wireless data
communication modules. Data intended for transmission is packaged into JSON format "',

3.5. Standard laboratory equipment

To test the feasibility of the proposed device, data collected by the device was compared with that of standard
laboratory equipment. Thus, we also used the CGS-8 Intelligent Gas Sensitive Analysis System (resistive
type) as a control group for experimental validation. The physical diagram of the CGS-8 Intelligent Gas
Sensitive Analysis System is shown in Figure 7.
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Figure 7. CGS-8 intelligent gas-sensitive analysis system

The operating temperature of the sensor is controlled by adjusting the magnitude of the heating current. The
resistance is tested using the direct current voltage division method. There are 8 independent testing channels,
each integrating 6 ranges of load measurement levels. The system automatically selects the appropriate range

for testing '\

4. Results

4.1. Sensor module temperature control effect test

Test the function of adjusting the heating temperature of the sensor module. The actual heating temperature
under room temperature conditions was measured using infrared temperature measurement equipment. The
data is shown in Table 1, including the corresponding heating voltage, the actual measured temperature, and the
fitted temperature.

Table 1. Tubular semiconductor with cold-state resistance of 30 ohms for the heating wire

Heating voltage Actual temperature (°C) Fitted temperature (°C)
1.74V 84 70.25
243V 132 134.71
v 173 186.28
3.87V 263 272.24
4.89V 367 362.49
6V 464 469.93

4.2. Data transmission effect of the IoT platform

To test the stability of the monitoring system and its sensitivity to VOC gases, the sensor module was connected
to the equipment and placed inside a sealed test chamber. Different concentrations of VOC gases were injected
incrementally, and the changes in the digital signal received by the system were observed. Figure 8 shows the
temperature and humidity displayed on Alibaba Cloud, as well as the digital data collected by the sensors. These
data were updated in real-time and can also be viewed in the log service of the Alibaba Cloud IoT platform to

access historical data ",
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Figure 8. Cloud platform receives data

4.3. Test data of different gas concentrations

During the testing of this monitoring system, standard gas sensor probes MQ3, MQ7, MQS8, and the newly tested
material probe SnO,/Zn2Sn0O, were utilized. Significant response curves were obtained for the testing of ethanol
with MQ3 and SnO,/Zn2SnO, probes, demonstrating excellent sensitivity. The graphs illustrate that the AD values
collected by each probe rapidly increase upon sample insertion, reaching stability around 30 seconds. This is
because it takes time for the liquid sample to diffuse throughout the entire space after being dripped in, and the AD
values quickly return to their initial values after the isolation hood is opened. Figure 9 depicts the response testing
of ethanol using the MQ-3 sensor probe and the Sn0O,/Zn2SnO, probe, with different concentrations of ethanol
injected and the corresponding digital signal values received by the cloud platform.
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Figure 9. Response curves of MQ-3 and SnO,/Zn,SnO, to ethanol

After conducting tests with different concentrations of acetone for MQ7, MQS8, and SnO,/Zn2Sn0,, as well

as tests with different concentrations of ethanol for MQ, sensitivity curves for several probes were obtained.
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Furthermore, sensitivity curves for the same four probes under identical conditions were obtained using the
experimental equipment CGS-8. Figure 10 illustrates sensitivity value curves obtained using two devices for (A)
MQ7, (B) MQS8, (C) Sn0O,/Zn2Sn0,, and (D) MQ-3, respectively.
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Figure 10. Relationship curve between sensitivity and concentration

5. Conclusion

Experimental validation of the IoT-based VOC sensing system developed by the research team demonstrates
that the system can upload collected data to IoT platforms via 4G, and can perform gas testing with different
material sensors. After successfully controlling the working temperature of the sensors and comparing the
results with professional equipment under equivalent conditions, the system can reliably and accurately
collect gas concentration information. Thus, the system features high precision, fast data upload times, and
compatibility with various material sensors. In most cases, the sensitivity of the detection system to gases is
comparable to that of professional equipment. Sensitivity curves for MQ7, MQ8, and SnO,/Zn2SnO, material
probes testing different concentrations of acetone were obtained using both the designed equipment and the
professional testing device CGS-8. The sensitivity error of the MQ7 probe points is relatively small, with a
maximum error of 10% and a minimum error of 0.5%, with an average error of 5.6%. Although there is a
significant difference in sensitivity data between the two devices for MQ8 and SnO,/Zn2SnO, material probes,
both demonstrate sensitivity to acetone, showing similar overall trends and high sensitivity. As noted in other

literature, the response of metal oxide-type sensors can be influenced by local temperature and humidity
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levels. Therefore, signal fluctuations may occur due to environmental temperature and humidity, affecting data

reliability. However, the system possesses certain environmental detection capabilities and can compensate

for influencing factors through environmental factor analysis and algorithm implementation in the program in

subsequent stages.
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