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Abstract: A wireless sensor network is presented for in-situ monitoring of atmospheric 
hydrogen concentration.  The hydrogen sensor network consists of multiple sensor nodes, 
equipped with titania nanotube hydrogen sensors, distributed throughout the area of interest; 
each node is both sensor, and data-relay station that enables extended wide area monitoring 
without a consequent increase of node power and thus node size. The hydrogen sensor is 
fabricated from a sheet of highly ordered titania nanotubes, made by anodization of a 
titanium thick film, to which platinum electrodes are connected. The electrical resistance of 
the hydrogen sensor varies from 245 Ω at 500 ppm hydrogen, to 10.23 kΩ at 0 ppm 
hydrogen (pure nitrogen environment). The measured resistance is converted to voltage, 
0.049 V at 500 ppm to 2.046 V at 0 ppm, by interface circuitry. The microcontroller of the 
sensor node digitizes the voltage and transmits the digital information, using intermediate 
nodes as relays, to a host node that downloads measurement data to a computer for display.  
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This paper describes the design and operation of the sensor network, the titania nanotube 
hydrogen sensors with an apparent low level resolution of approximately 0.05 ppm, and 
their integration in one widely useful device. 
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Introduction 

There is an ongoing need to accurately detect molecular hydrogen (H2) for a variety of applications 
in industrial process control.  Such applications include chemical and petroleum refining, rocket fuels, 
and electric power production via low-emission fuel cells to cite but a few examples. In the production 
of high-purity gases such as silane and nitrogen for the semiconductor manufacturing industry, or for 
production of kypton, xenon and neon for the lighting industry, hydrogen is often a contaminant that 
must be quantified to levels ranging from 0.1 ppm to 100 ppm. In the space industry, where hydrogen 
is used as a rocket fuel, H2 leak detection is a critical safety concern. 

Breath hydrogen is an important, clinically relevant parameter used as an indicator of lactose 
intolerance [1-3], fructose malabsorption [4-8], microbial activity [9], bacterial growth [10-12], 
fibromyalgia [13], diabetic gastroparesis [14-16], and neonatal necrotizing enterocolitis [17-21]. The 
pathogenesis of neonatal necrotizing enterocolitis (NEC), a devastating disease due to bacterial 
fermentation which causes necrosis of the intestinal walls of preterm infants, results in the production 
of hydrogen gas which accumulates as bubbles in the sub-mucosal area of the bowel wall as shown in 
Figure 1. Engel et al [18] used a micro-syringe to collect a gas sample from one of these bubbles and, 
on analysis, found that the gas in the bubble was 30% hydrogen. 

a)  b)   

Figure 1. a) Histopath slide of NEC with intact mucosa and large bubbles of hydrogen and 
nitrogen gas in the submucosal area. b) Histopath slide of advanced NEC with mucosal 
breakdown and hydrogen and nitrogen gas bubbles in the submucosal area. 

Hydrogen is also absorbed into the blood stream and excreted via the lungs into the exhaled breath.  
Therefore an effective way to detect NEC is by continuously monitoring hydrogen concentrations in 
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the exhaled gas from the infant [19-21].  For example Godoy et al [19] measured exhaled breath 
hydrogen levels in 25 preterm infants with documented NEC (presence of clinical symptoms and 
pneumatosis on abdominal radiographs) and compared them with levels drawn from similar infants 
with feeding intolerance, but no NEC. They found that 19 of the 25 infants with NEC had exhaled 
breath hydrogen levels equal to or greater than 20 ppm, while only 2 out of 16 infants with feeding 
intolerance had levels equal to or greater than 20 ppm. While breath concentration in exhaled breath 
could be a parameter of considerable clinical utility with current methodology it is difficult, time 
consuming and expensive to collect exhaled gas samples from preterm infants for hydrogen analysis, 
which requires collected breath samples to be taken to a laboratory for hydrogen analysis using 
typically a gas chromatograph. For monitoring of NEC in pre-term infants it appears a clinically useful 
hydrogen sensor must be capable of detecting hydrogen at levels of approximately 25 ppm to 1 ppm.  
Furthermore the packaged hydrogen sensor must be non-invasive since physically disturbing the pre-
term infants significantly hampers their physical and mental development processes. 

In many instances practical application of hydrogen sensors would be significantly enhanced by 
development of an inexpensive, wide-area sensor network technology incorporating hydrogen sensors 
capable of real-time in-situ detection of 0.1 ppm to 1000 ppm H2 detection. As a step towards that 
ultimate goal, in this work titania-nanotube hydrogen sensors [22,23] are incorporated into a wireless 
sensor network [24-26] to measure hydrogen concentrations from multiple sources, in real time.  The 
sensor network consists of an array of nodes distributed throughout the area of interest, with a ‘host’ 
node connected directly to a computer that graphically presents the collected data.  The main 
component of a sensor node is a microcontroller that oversees node operation, including transmission 
of node sensor information as well as relaying of information from distant nodes towards nodes closer 
to base.  In this work each node has a RF transceiver integrated with the microcontroller for wireless 
communication between nodes; in earlier work we described acoustic-wave communication between 
nodes of an aqueous sensor network [27].  Interface circuitry is used to convert the response of the 
hydrogen sensor, a change in electrical resistance, to a voltage variation so it can be digitized and 
processed by the microcontroller.  The host node also contains a serial interface to communicate with a 
computer via RS232 protocol.  

The hydrogen sensor is comprised of a highly ordered thin film of titania nanotubes, made using an 
anodization technique [28,29], to which platinum electrodes are connected.  Due to chemisorption of 
molecular hydrogen the electrical resistance of the titanium dioxide nanotubes is highly sensitive to 
hydrogen; for example, for 76 nm diameter nanotubes there is a variation in measured resistance of 103 
when cycling between nitrogen atmosphere and 500 ppm hydrogen at 290°C.  The hydrogen sensor is 
also completely reversible, and has a response time of approximately 5 minutes and a recovery time of 
about 30 minutes.  The sensitivity of the nanotubes to hydrogen is highly dependent upon nanotube 
diameter, with 22 nm diameter nanotubes (not considered here) being approximately 200 times more 
sensitive than 76 nm diameter nanotubes, although the smaller diameter nanotubes have a larger 
surface area by only 30%.  The titania nanotube hydrogen sensors exhibit high selectivity towards 
hydrogen compared to reducing gases such as carbon monoxide, ammonia and carbon dioxide [30]. In 
oxygen the electrical resistance of the titania nanotube sensor is reduced by an approximate factor of 
two, from which it does not recover. 
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Figure 2. Circuit schematic of the sensor node. The ADC0 port (pin 40) of the 
microcontroller AT90S8535 is connected to the output of the sensor interface circuit. 

Design and Fabrication of Hydrogen Sensor Network 

Wireless Sensor Network Design 

Before a sensor node can transmit data it needs to know the identity of its ‘parent,’ that is the node it 
should relay its data to.  To achieve this, the computer first instructs the host node to send a broadcast 
signal that contains its identity.  When a nearby node receives the signal, it remembers the host node as 
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its parent node, and in turn sends its own broadcast signal to other nodes. This process is repeated until 
all nodes in the network know their parent node identity. The broadcasting operation is important for 
the nodes in the network to initialize communication links, or re-establish communications after some 
nodes are damaged or removed. When relaying sensor information, all nodes transmit data to their 
parent nodes.  This will ensure the data of all nodes will be eventually sent to the host node and 
downloaded to the host computer. Further details on communication protocols of the sensor network 
are detailed in an earlier work [27]. 

The circuit schematic of the sensor node is shown in Fig. 2. The microcontroller (AT90S8535) is 
connected to a RF transceiver chip (TR1000) via its serial bus. The microcontroller oversees all 
operations of the node, including acquiring data from the sensor, transmitting sensor data, and relaying 
the data of other nodes [27].  A temperature sensor is included in each sensor node (Analog Devices 
AD7418). The resistance of the hydrogen sensor is converted to a voltage by a sensor interface circuit 
(see Fig. 3). The converted voltage is sent to the analog-to-digital converter port (ADC0, pin 40) of the 
microcontroller to be digitized. 
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Figure 3. Circuit schematic of the sensor interface. The output (pin 6 of the op amp) is 
connected to the ADC0 port (pin 40) of the microcontroller AT90S8535 (see Fig. 2). 

 
Figure 3 shows the schematic diagram of the hydrogen sensor interface circuit. The voltage 

reference IC6 (ADR380) provides a constant voltage of 2V across pin 2 and 3. When R5 is set to 
10 kΩ, IC6 provides a constant current of 200 µA through the hydrogen sensor [31]. By Ohm’s law, 
the output voltage of the unity-gain op amp IC7 (AD820) V is proportional to the sensor resistance RS: 

V=RS×200µA                  (1) 

The microcontroller has a 10 bit analog-to-digital converter with a maximum sampling voltage of 
3 V.  In other words, the sampling voltage from 0 to 3V will be linearly converted to a digital value of 
0 to 1023, with a voltage resolution of about 3 mV.  From Eq. (1), a 3 mV voltage resolution leads to a 
resistance resolution of 15 Ω, which cannot accurately represent the resistance variation of the 
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hydrogen sensor when the hydrogen concentration is larger than 100 ppm because the electrical 
resistance of the sensor becomes less than 60 Ω  at 100 ppm.  To increase the resolution, another op 
amp, IC9, with a gain of 15 is used to amplify the output voltage from IC7.  The outputs from both IC9 
(with gain of 15) and IC7 (with gain of 1) are sent to a switch (IC10), which is controlled by a 
comparator (IC8). When the output of IC7 is between 0 to 200 mV (corresponds to RS of 0 to 1 kΩ), 
the comparator will send an output of 1 to Pin 1 of the switch so the switch can choose IC9 as its input.  
Conversely, when the voltage output of IC7 is larger than 200 mV, the switch will select IC7 as its 
input.  With this design, the sensor interface circuit will generate a voltage of 200 mV to 3 V when the 
sensor resistance is from 1 kΩ to 15 kΩ, and 0 V to 3V when the sensor resistance is 0 to 1 kΩ.  As a 
result, the resistance resolution increases to 1 Ω  when the sensor resistance is less than 1 kΩ. 

The output of the comparator is also sent to the I/O port of the microcontroller (PA1) and is 
included as a part of the data. When the host computer receives a data package from the sensor node, it 
will divide the measurements by 15 if the value of PA1 is 1. Doing so will ensure the measured voltage 
is linearly proportional to the resistance from 0 to 15 kΩ. 

a)       

b)  c)  

Figure 4. (a) (upper row) Side view of titanium nanotube films; nanotube length is 
approximately 650 nm. (b) (lower left) SEM image showing the top view of the titania 
nanotubes.  The average tube diameter is 76 nm. (c) (lower right) SEM image showing the 
insulating barrier layer at the bottom of the nanotubes. 
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Fabrication of Titania Nanotube Hydrogen Sensor 

The sheets of highly ordered titania nanotubes used as the hydrogen sensors are made by 
anodization of titanium foil (99.5% pure from Alfa Aesar, Ward Hill, MA, USA) of thickness 0.25 
mm. The anodization is performed in an electrolyte medium of 0.5% hydrofluoric acid (J. T. Baker-
Phillipsburg, NJ, USA) in water, using a platinum foil cathode. In this work 650 nm long nanotubes 
were prepared using 20 V-anodization voltage having inner diameters of 76 nm with standard 
deviation of 15 nm, wall thickness of 27 nm with standard deviation of 6 nm. The titanium foil was 
anodized for 45 minutes, resulting in uniform nanotube arrays grown atop the supporting titanium 
metal foil, with an electrically insulating barrier layer separating the nanotubes from the conducting 
titanium foil as shown in Fig. 4. Energy dispersive x-ray analysis and thermogravimetric analysis 
indicated the as-fabricated nanotubes are amorphous and oxygen-deficient.  Annealing studies in 
oxygen ambient showed no discernible variation in nanotube dimensions to 580°C, with crystallization 
in the anatase phase occurring at 280°C, and transformation to rutile beginning at 430°C [29].  Prior to 
electrical measurements the nanotubes were annealed at 500°C for six hours in an oxygen ambient to 
crystallize the tube walls and improve the stoichiometry. Two platinum contact pads, 10 mm × 2 mm 
spaced 2 mm apart, were deposited on the nanotube array with the electrodes connected to the sensor 
node to measure the electrical resistance change of the nanotubes. 

Furnace

Gas

Hydrogen 
  Sensor

Furnace

Automated
Mass Flow 
Controller

Stainless Steel Quartz

Gas

Test 
Gas

Sensor 
Node

Sensor 
Node

Host 
Node

Host PC

Sensor 
Interface

 

Figure 5. The experimental setup for testing the sensor response at various hydrogen 
concentrations. For room temperature measurements the sensor and sensor node are placed 
within the chamber; for elevated temperature measurements only the hydrogen sensor is 
placed within the test chamber, with an electrical connection passing to the interface circuitry. 
Using other sensor nodes as data relays the hydrogen measurements are sent to the host node, 
and there downloaded to the host PC for graphical presentation. 

Experiments 

The experimental setup used in these measurements is illustrated in Fig. 5. The titania nanotube 
hydrogen sensor was placed within a 8 cm inner diameter 60 cm long quartz tube furnace that enabled 
precise control of both ambient temperature and atmosphere. A computer-controlled mass flow 
controller was used to regulate gas flow through the test chamber, which was kept at 1 atm throughout 
the experiment. Prior to data collection the test chamber was evacuated using a mechanical pump, 
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whereupon nitrogen (99.999% pure) was passed while the sensor was heated to the desired 
temperature. The test gases examined, oxygen, carbon dioxide, ammonia, carbon monoxide and 
hydrogen, were mixed in appropriate ratios with nitrogen to create the desired test gas ambient. 

The titania nanotube sensors show increasing hydrogen sensitivity with increasing temperature [22], 
therefore in this work all hydrogen measurements were conducted at 290°C. Figure 6a shows the 
change in measured electrical resistance of the 76 nm diameter nanotube arrays as the hydrogen gas 
concentration is cycled from 100 ppm to 500 ppm and then back to 100 ppm, in 100 ppm steps; note 
the lack of hysteresis. Figure 6b shows the measured hydrogen sensitivity of the 76 nm diameter 
nanotube array. 
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Figure 6. a) Measured electrical resistance of a 76 nm diameter titania nanotube hydrogen 
sensor when exposed to different concentrations of hydrogen at 290°C. The nitrogen-
hydrogen mixture was passed for 1500 s; the chamber was then flushed with nitrogen for 
3000 s before passing the nitrogen-hydrogen mixture again.  b) The hydrogen sensitivity of a 
76 nm titania nanotube sensor at 290°C for low hydrogen concentrations. Ro denotes the 
electrical resistance of the sensor in a nitrogen environment, Rgs denotes the steady-state value 
electrical resistance at the given hydrogen concentration. 

Figure 7 shows the nominal physical location of the four sensor nodes used in our experiments. 
Node 2, connected to the hydrogen sensor kept within the test chamber, transmitted the sensor 
information to Node 3 since it was the only node within the transmission range of Node 2. Similarly, 
Node 4 was the parent node of Node 3 due to its proximity, and Node 1 was the parent node of Node 4. 

 

Results and Discussion 

A 76 nm diameter titania nanotube hydrogen sensor was placed within the test chamber, held 
constant at 290°C, and repeatedly cycled between a pure nitrogen environment and nitrogen with 
100 ppm hydrogen, see Figure 8a, and nitrogen to nitrogen with 50 ppm hydrogen as shown in 
Figure 8b. The pressure in the test chamber was kept constant at one atmosphere.  Every two seconds, 
Node 2 converted the electrical resistance of the hydrogen sensor to voltage, and relayed the 
information to Node 1 using Node 3 and 4 as relays. The host PC downloaded measurement 
information from Node 1 every 6 seconds.  The host computer also instructed the host node to send out 
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a broadcast signal at every 5 minutes to re-established communication links between nodes (which 
tented to get moved around over the 10 hour measurement period). 
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Figure 7.  Nominal physical layout of hydrogen sensor network nodes.  Node 2 is connected 
with the hydrogen sensor placed within the test chamber, Node 3 and Node 4 are relays, and 
Node 1 is the host node; the nodes can of course be re-located within the general area.  The 
described configuration allows Node 3 to relay sensor information for Node 2 and Node 4 for 
Node 3; for this configuration the communication to Node 2 will be lost if either Node 3 or 
Node 4 is damaged. 

As the sensor is switched from a nitrogen to nitrogen plus 100 ppm hydrogen atmosphere there is a 
factor of 200 change in measured voltage, and approximately a factor of 60 change in voltage when 
cycled between nitrogen and nitrogen plus 50 ppm, the lower concentration limit of our mass flow 
controllers.  It should be noted that the shape of the response curve in Figure 8b is determined to a 
significant but unknown degree by the hydrogen flow rate through the chamber; within practical 
measurement times we were not able to achieve a steady state response as the flow through the test 
chamber is non-linear at that low hydrogen concentration. 
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Figure 8. The voltages recorded by the sensor network when the hydrogen concentration is 
cycled between: (a –left) 0 and 100 ppm, and (b – right) 0 and 50 ppm.  Note for the 50 ppm 
cycling the nitrogen atmosphere is switched to a nitrogen plus hydrogen atmosphere before a 
steady state reading is achieved due to inherent difficulties in propagating 50 ppm hydrogen 
through the test chamber. 
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Figure 9a shows the voltage recorded by Node 2 as the concentration of hydrogen is varied from 
50 ppm to 104 ppm (steady state values), with Figure 9b showing 50 ppm to 1000 ppm. The voltage 
ranges from 0.049 V to 2.046 V, linearly corresponding to sensor resistance of 245 Ω to 10.23 kΩ. The 
behavior of the sensor is consistent, recovering to its original resistance after repeated exposure to 
varying hydrogen concentrations. The sensor responds linearly to hydrogen concentrations to 
approximately 500 ppm, with an exponential response seen above 500 ppm. 

Figure 8a shows a factor of 200 change in measured electrical impedance upon exposure to 
100 ppm hydrogen. With respect to the ultimate sensitivity we can expect from titania nanotube 
hydrogen sensors, using resistive bridge circuits changes in electrical resistivity of 1% can be readily 
measured.  However if we consider a 10% change in electrical resistance, and linear scaling between 
hydrogen concentration and electrical resistance as seen in Figure 9b for low hydrogen concentrations, 
a hydrogen resolution of 0.05 ppm appears readily achievable. 
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Figure 9. a) The sensitivity of the sensor towards hydrogen. The response is best fitted with a 
function V=11.98×h-0.8375, where V is the measured voltage in Volts and h is the hydrogen 
concentration in ppm. Note: 10,000 ppm is equal to a 1% hydrogen atmosphere. b) The curve 
fit on the figure is: log V=C1h3+C2h2+C3h+C4 where V is the measured voltage in Volts, h is 
hydrogen concentration in ppm and C1 = -1.22x10-9, C2 = 4.48x10-6, C3 = -5.04x10-3, and C4 = 
0.271. 

The change in sensor resistance is likely caused by the hydrogen molecules that are dissociated at 
the surface of the platinum electrode, which diffuse into the titania lattice where they act as electron 
donors [32,33] per the ‘spill over’ model of Roland et al [34]. This chemisorption driven process can 
change the electrical resistance considerably, and can make the nanotubes sensitive to hydrogen over a 
wide range of concentrations. Since the sensor completely regains its original resistance with hydrogen 
cycling it appears that the hydrogen diffusion is confined mostly to the surface layer. 

 To study the cross sensitivity of the titania nanotube hydrogen sensors they were exposed to 
oxygen, carbon monoxide, ammonia and carbon dioxide over a range of temperatures. The sensor were 
found to have no response towards carbon dioxide.  The sensitivity of the nanotubes to carbon 
monoxide and ammonia were negligible compared to that of hydrogen.  The resistance of the 
nanotubes increased in the presence of oxygen, and did not regain their original electrical conductivity 
even after several hours in a nitrogen environment. 
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The sensor network is a robust system, able to function if some of the nodes are damaged or 
removed.  This was demonstrated by both relocating nodes within the network, and removing nodes 
from the network [35].  For example, Node 3 and Node 4 were arranged so both were within the 
communication range of Node 2, as shown in Fig. 10. In the beginning of the experiment, Node 2 
recognized Node 3 as its parent since it received the broadcast signal from Node 3 before Node 4.  We 
also noticed Node 2 occasionally switched its parent nodes to Node 4 when the sensor nodes re-
established communications at every 5 minutes. When we turned off Node 3 in the middle of 
experiment, the host node stopped receiving data from Node 2 since the link was cut off.  However, 
when the host node sent out another broadcast signal, Node 2 reconnected to the network again 
through Node 4, and the measurement continued.  The power of a sensor network is that widespread 
communication can continue although one or more nodes are removed from the network. 

Lab Lab

Office Office

Office

6m

8m

4m

Node 2

Node 4

Node 3

Node 1
PC

OfficeOffice

6m

 

Figure 10. This configuration allows both Nodes 3 and 4 to relay sensor data for Node 2. 
Although shorter in communication range, the network can still function even if Node 3 or 
Node 4 is damaged. 

Conclusions 

The application of a wireless sensor network for hydrogen monitoring is presented.  The hydrogen 
sensor network consists of an array of sensor nodes distributed in the area of interest; information from 
each node is transmitted to a host node using other nodes as relays. A computer is connected to the 
host node to download and process the measurements of all nodes. The hydrogen sensor is made of 
titania nanotubes prepared using an anodization voltage of 20 V, resulting in titania nanotubes with 
inner diameters of 76 nm and 650 nm lengths.  The sensor shows a resistance variation from 245 Ω to 
10.23 kΩ  when cycled between 500 ppm and 0 ppm hydrogen environments.  When connected to the 
sensor node, the sensor-interface circuitry of the node translates the resistance variation of the 
hydrogen sensor to a voltage change of 0.049 V to 2.046 V.  We have demonstrated the sensor network 
can still function even when one or more of the relay nodes are damaged, provided there is at least one 
working node to assume the roles of the damaged nodes. 

In our current design, the sensor node can operate for over 100 hours on three AA batteries.  In the 
future, the sensor node can become even more energy efficient by self-engaging low-power mode 
when idle, and turning on when it only needs to collect and transmit data.  This can extend the lifetime 
of the sensor node to a few months or even years. 
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Beyond hydrogen monitoring, the sentinel sensor network can also be applied to other applications 
by integrating the nodes with different types of sensors. For example, with proper integration of the 
nodes with desired sensors, the network can be used to monitor for chemical or biological events in 
airports, theaters, and other public venues.  The sensor network can also be used for monitoring of 
pollution levels, be they in industrial, medical, or household settings. 
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