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Abstract

We have developed a high-temperature gas sensing system for the detection of combustion products under harsh conditions, such as an energy
plant. The sensor, based on the wide band gap semiconductor silicon carbide (SiC), is a catalytic gate field-effect device (Pt—SiO,—SiC) that can
detect hydrogen-containing species in chemically reactive, high-temperature environments. The hydrogen response of the device in an industrially
robust module was determined under both laboratory and industrial conditions (1000 sccm of 350 °C gas) from 52 ppm to 50% H,, with the sensor
held at 620 °C. From our data we find that the hydrogen adsorption kinetics at the catalyst—oxide interface are well fitted by the linearized Langmuir
adsorption isotherm. For hydrogen monitoring in a coal gasification application, we investigated the effect of common interferants on the device
response to a 20% H, gas stream. Within our signal to noise ratio, 40% CO and 5% CH, had no measurable effect and a 2000 ppm pulse of H,S
did not poison the Pt sensing film. We have demonstrated the long-term reliability of our SiC sensor and the robustness of the sensor packaging
techniques, as all the data are from a single device, obtained during 5 days of industrial measurements in addition to ~480 continuous hours of

operation under laboratory conditions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The economic and security impact of limited natural gas
supplies has reinvigorated interest in the advancement of cost-
effective, clean electricity production from coal. Gasification, or
the production of synthesis gas (syngas), is the first step in an
advanced, minimally polluting process for production of elec-
tricity from coal known as the integrated gasification combined
cycle (IGCC) power plant. An IGCC plant produces syngas from
coal, cleans the syngas and supplies it as fuel to a gas turbine
operated in combination with a steam turbine to maximize ther-
mal efficiency. Future power generation systems may include
fuel cells as well to achieve higher power generation efficien-
cies. The gasification process uses steam reforming or partial
oxidation of a hydrocarbon (or a combination of the two) to pro-
duce syngas, a mixture composed mostly of hydrogen, carbon
monoxide, water vapor and carbon dioxide. For optimal opera-
tion, the use of syngas in advanced power production will require
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online monitoring of the syngas composition via an online gas
sensing system that is reliable and can survive the harsh and
chemically corrosive operating conditions within the coal gasi-
fier. The desired gas sensors must function at temperatures up to
800 °C in the presence of gases containing significant amounts
of hydrogen, carbon monoxide, carbon dioxide, methane, water
vapor and hydrogen sulfide. Sensitivity, selectivity, response
time for real-time monitoring and long-term stability are addi-
tional essential factors for the sensing system.

The wide bandgap semiconductor silicon carbide (SiC) is an
attractive candidate for these applications due to the possibility
of device operation up to at least 900 °C, high thermal con-
ductivity (4.9 W/cm K), resistance to acidic and basic species,
and the maturity of the SiC device fabrication technology [1,2].
Over the past decade SiC sensors have been shown to be sensi-
tive to automobile exhaust and flue gases, including hydrogen,
hydrocarbons, CO and NO, [3-6]. Depending on the applica-
tion various authors have used different semiconductor device
structures such as capacitors, Schottky diodes, p—n diodes and
field-effect transistors [1,2,7,8]. We have chosen to use an n-
type metal-oxide—semiconductor (MOS) capacitive device on
SiC as the high-temperature gas sensor. The sensor is a cat-
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alytic gate field-effect device (Pt—SiO,—SiC) that can detect
hydrogen-containing species with ms resolution at 620 °C [9].

This paper is divided into two sections. First we present the
result from our sensors operating under laboratory conditions
with a sensor temperature of 620 °C and a room temperature gas
flow. These measurements were made in a test bench at Michigan
State University. We used five different concentrations of hydro-
gen gas (10.1%, 0.984%, 0.201%, 508 and 52.1 ppm, all with
N balance) as the reducers and 1.01% oxygen as the oxidizer
(with N7 balance). In the second part, we tested the performance
of the sensor system in an industrial environment, with condi-
tions nearer to those in a syngas facility. These measurements
were made in the high performance reactor (HPR) facility at
the Dept. of Energy’s National Energy Technology Laboratory
(DOE-NETL) in Morgantown, WV. We examined the response
and selectivity of the sensor in a wide range of syngas composi-
tion, including a range of H, gas concentration (up to 50%) and
common interferant gases such as CO, CO,, CH4 and H5S. In
this case the gas temperature was about 350 °C with a 1000 sccm
gas flow rate. The sensor temperature was maintained at 620 °C,
as in the laboratory experiments. The sensor was self-heated to
a temperature far above that of the gas under interrogation for
two reasons: first, to ensure that the sensor response would not
be affected by fluctuations in the gas temperature and second to
obtain a fast (ms) response to changes in flow composition.

The response of the Pt—SiO,-SiC sensor to hydrogen is a
multistep process. Following dissociation of molecular hydro-
gen at the heated Pt catalytic sensing film, atomic hydrogen
diffuses through the catalyst and is adsorbed at the metal—-oxide
interface creating a dipole layer, which in turn shifts the device
potential by an amount, AV. For our capacitive structures we
fix a capacitance set-point and monitor the chemically induced
change in potential as the sensor signal. The kinetics of hydro-
gen adsorption at the metal—insulator interface has been studied
both experimentally and theoretically by a number of groups
[10-17]. Standard models of the sensor response, AV, invoke
an adsorption isotherm to determine the number of occupied
adsorption sites. These include the Temkin isotherm [15], which
predicts a logarithmic relationship between sensor signal and
hydrogen concentration (typically in the 0—10% range) and the
Langmuir isotherm [18]. Here we examine the applicability of
both isotherms in terms of the hydrogen response of our sensor
to a room temperature and 350 °C flowing gas stream.

2. Experimental
2.1. Sensor fabrication, characterization and measurement

The SiC field-effect gas sensors were fabricated on n-type
6H-SiC substrates with a 5 um epitaxial layer (nominal dop-
ing of 2.1 x 10'® N/cm?), grown on 3.5° miscut, highly doped
(5 x 10'8 N/cm?) wafers. The gate oxide (~39 nm) was grown
on 1cm? SiC chips via dry oxidation at 1150 °C, followed by
a2 900°C Ar anneal and a 2h 1175 °C post-oxidation NO passi-
vation anneal [19]. The Pt gates (100 nm thick) were sputtered
directly onto the SiO>—SiC chips using a dc magnetron sputter-
ing at a substrate temperature of 350 °C and in a 2.5 m Torr Ar

Fig. 1. Photographs of: (i) top panel—sensor test module with the electrical
breakout box and (ii) bottom panel—the interior of the test module with a SiC
sensor chip. Shown in the insert is the array of 52 sensors on a 1 cm? SiC chip
mounted on an alumina header with three backside heaters.

atmosphere. Using a mechanical mask, we deposited an array of
52 gates (see Fig. 1 insert) on each chip with nominal diameters
ranging from 200 to 1000 wm. Each chip was then glued onto
a thermally conducting, electrically insulating alumina header
using silver print. After connecting the Pt gates to the gold pads
on the alumina header via wire bonding, the whole assembly
was mounted inside a high-temperature sensor test module. The
mounted chip can be heated up to 670 °C by three microheaters
attached to the back of the alumina header.

Each Pt-SiO,-SiC sensor was characterized via 1 MHz
capacitance—voltage spectroscopy at 300—-620 °C using a Boon-
ton capacitance-meter (model 7200) with sensitivity of 1 pF.
Details of the sample preparation and measurement techniques
are in Ref. [20]. The C-V curves were taken under (i) ambient
conditions, 99.999% purity mixtures of (ii) 1.01% oxygen in
nitrogen and (iii) 10.1% hydrogen in an 80 sccm nitrogen gas
stream. Prior to sensing measurements, the Pt catalytic gate was
activated [2]. Activation took place by switching back and forth
between oxidizing and reducing gases for several hours at a sen-
sor temperature >620 °C. This procedure is required to obtain
a fast and stable sensor response. All the devices on the 1cm?
sensor chip were activated simultaneously by flooding the entire
chip with gas.

To use the device as a sensor, we use a feedback circuit to
hold the capacitance constant, and monitor the gate bias voltage
during gas exchange as the sensor signal [3]. We have devel-
oped a sensor control and data acquisition program for sensing
measurements at industrial application sites that runs as an exe-
cutable on any personal computer with a National Instruments
GPIB data acquisition card. A graphical user interface allows
the operator to choose the (i) sensor set-point or capacitance set-
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point, (ii) slope or first order control parameter for the control
algorithm to maintain the sensor at a specific capacitance during
gas exchange, (iii) time delay between measurement (minimum
is 5ms), (iv) gliding average and feedback delay which deter-
mine the noise and stability, respectively of the measured signal
and (v) bias limits to prevent damage to the sensor. The data is
displayed on an oscilloscope-like screen in real time as well as
saved in a text file along with the experimental conditions.

2.2. Industrially robust sensor test module

We have designed and fabricated a sensor test module (see
Fig. 1) that is compatible with harsh industrial conditions.
The module together with the electrical breakout box and the
Swagelock union cross can be connected to a pressurized, high-
temperature reactor, such as the HPR microreactor at NETL.
The “lava” sealant inside the Conax Buffalo connector provides
a thermal barrier for the hot (200-550 °C) gas as well as a pre-
venting leakage of the hot gas into the electrical breakout box.
Five independent sensors on the SiC chip and the heater array
can be accessed through the electrical breakout box along with
the heater leads. The electrical connection between the external
coaxial cables and the (i) gold pad on the alumina sensor holder
were made with nickel-chromium 80/20 wire with a fiberglass
sleeve for electrical isolation and (ii) two 0.079 cm diameter Pt
wires for the heater assembly. The coaxial connectors and coax-
ial cables are rated for continuous operation at 200 °C. Although
the last 20 cm of wiring to the sensor are not coaxial leads, we
are able to measure the device capacitance to better that =1 pF
in a hot gas stream.

This industrially robust module with a mounted SiC sensor
chip was shipped via commercial carrier to the test site and was
installed on the exhaust of the high performance reactor by the
facility technician. The HPR, normally used for the study of par-
tial oxidation chemistry [21], is supplied reactant gases through
an array of gas flow lines with electronically controlled pneu-
matic valves and mass flow controllers, supervised by industrial
control software. The gas flow chart is shown in Fig. 2. Incoming
gases flow through a 700 °C furnace, housed inside a condi-
tioning box maintained at 200 °C. The exhaust gas leaving the
conditioning box through a 1/4in. stainless steel tube was con-
nected to the union cross of the test assembly. As the SiC sensor
was located about 30 cm from the conditioner, electrical heating
tape and insulation were wrapped around the 1/4 in. tubing com-
ing into the sensor, the union cross and the gas line returning to
the conditioner to maintain the gas temperature. The gas temper-
ature inside the union cross, approximately 1 cm upstream from
the SiC sensor was monitored with a type K thermocouple. Due
to heat losses, measurements during a week long run were lim-
ited to a gas temperature of 350-370 °C in this set-up. The SiC
sensor itself was heated to 600 or 620 °C using the microheaters
on the alumina header during all the measurements to maximize
the magnitude and response time of the sensor signal. Note that
the gas exchange time in the vicinity of the sensor is not instan-
taneous. This is because the sensor is located in one arm of
the Swagelok 1in. union cross (~4 cm from the center of the
cross), with either 80 or 1000 sccm of heated gas flowing in and
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Fig. 2. Schematic of the industrial high performance reactor gas flow system.
CO and calibrated 1% O, share input #1, pure H, and CH4 share input #2, while
calibrated 1%H;, CO> and H,S share input #3.

out through the adjacent arms. The resulting sidearm volume
housing the sensor is less than 15 cm?®. Based on the response of
the sensor to changes between reference mixtures, we estimate
that it takes up to a few minutes to completely exchange the gas
in the sidearm containing the sensor.

An in-line mass spectrometer located about 13 m downstream
from the SiC sensor was used to validate the sensor data. The
difference in location between the SiC sensor and the mass spec
resulted in ~2 min of lag time between the responses of the two
instruments. Time synchronized data from the industrial control
software (controller for all gas lines, mass flow controllers and
the thermocouple output), mass spectrometer and SiC sensor
data acquisition software were collected. The data presented
here has been corrected for the time lag between the various
instruments. In addition note that as nitrogen is used for the
balance gas for all sensing measurements, the nitrogen signal is
not shown in any of mass spectrometer data.

3. Results

3.1. Laboratory measurements with room temperature
hydrogen

3.1.1. Electrical characterization at high temperature
Prior to measurements under industrial operation condi-
tions, all devices on the sensor chip were fully electrically
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Fig. 3. Capacitance—voltage characteristic (1 MHz) of a SiC gas sensor at 620 °C
in 10.1% H; and 1.01% O, (balance N») taken with a 400 mV/s sweep rate from
positive to negative bias. The device is a Pt—SiO,—SiC n-type capacitor with a
1000 wm diameter catalytic Pt sensing film.

characterized and their response to room temperature hydro-
gen gas was determined. For the sensing measurements, the
appropriate sensor set-point was determined from the 1 MHz
capacitance—voltage curves at 620 °C in hydrogen (10.1%) and
oxygen (1.01%) environments shown in Fig. 3. This device has
a sensing film or Pt catalytic gate, 100nm in thickness and
1000 pm in diameter. For reliable high-temperature operation,
we have previously determined that the optimum sensor biasing
condition (capacitance set-point) is near mid gap capacitance
[3,20]. This determination is, based on a detailed understand-
ing of the hydrogen transduction mechanisms of the sensor,
discussed further in Section 3.2.

Robust, long-term sensor operation at temperatures above
600 °C places stringent demands on the sensor structure as
well as the associated signal measurement leads or electrical
connections. Evidence of the reliability of our device fabri-
cation and mounting process is given by the fact that all the
data presented in this paper comes from a single 1 mm diam-
eter gate which operated for ~40h of measurement in the
industrial setting and during more than 400h of continuous
measurement in the laboratory. Note that these particular lab-
oratory measurements were performed after exposure to HoS
in the HPR reactor. Although four additional gates on the chip
were always available for measurement, they were simply not
needed for our experiments. We have achieved this level of
reliability by carefully tuning our sensor fabrication process.
The two key components are first the high-temperature relia-
bility of the oxide [22] which was achieved by optimization
of the oxide growth [19], and secondly the development of a
Pt sensing film can withstand repeated thermal cycling as well
as extended high-temperature exposure while maintaining its
properties as a catalyst [20]. The robustness of the signal trans-
mission path was ensured by developing a reliable technique
for each and every electrical connection such as wire bonding
to the sensing film, attachment of the nichrome lead to the alu-
mina header. No failures of any of the electrical connections
within the test module were observed during these measure-
ments.

3.1.2. Sensor measurements with room temperature
hydrogen

To determine the hydrogen response of our devices, we ini-
tially selected five gates, one of every size on the chip (200, 300,
500 and 1000 pm in diameter). Under laboratory conditions we
measured the sensor response to 10.1%, 0.984%, 0.201%, 508
and 52.1 ppm Hj with N> as the balance gas. In each case 1.01%
O, was used as the reference gas. A sensor temperature of 620 °C
was selected for all of these atmospheric condition measure-
ments to maximize both the magnitude and speed of the sensor
response [22]. All the measured gates on this chip gave simi-
lar results; in this paper we present data from a single 1000 pm
Pt gate or sensor for the laboratory and industrial experiments.
Note that the sensor signal itself does not depend on gate area.
The advantage of using the largest gate is that the signal to noise
ratio (S/N) is proportional to the slope of the capacitance—voltage
curve (Fig. 3) at the set-point (Cet-point)> SO a larger gate has a
larger S/N ratio.

The sensor signal as a function of H, gas concentration with
three cycles at each gas composition is shown in Fig. 4. The
exposure time in Hy and O, were 200 and 300 s, respectively.
The device response is reproducible over 3.5 decades of hydro-
gen concentration. The repeatability of the sensor signal is 2%,
based on a comparison of the first and last set of cycles in 10.1%
Ho,. The ultimate sensitivity of the sensor is not known at present.
At the time of the measurement, the lowest hydrogen concentra-
tion available in our laboratory was 52.1 ppm. From the S/N ratio
of the data in Fig. 4, clearly lower concentration measurements
are possible. Note that the observed response time of ~0.5 min
to hydrogen and ~2 min to oxygen is not the intrinsic response
time of the sensor, but the gas exchange time of the system,
which we estimate to be on the order of a few minutes. We
have previously shown that the intrinsic sensor response time
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Fig. 4. Sensor measurements on a 1000 pwm Pt gate (sensing film) from a SiC
sensor chip. The sensor temperature was 620 °C with the room temperature gas
flowing at 80 sccm. 1.01% O, was used as the reference gas. Shown are three
complete cycles in 10.1%, 0.984%, 0.201%, 508 and 52.1 ppm H;. The sensor
responds to hydrogen over at least 3 1/2 decades of hydrogen concentration. The
repeatability of the measurement, comparing the first and last 10.2% H, cycles
is better than 2%. Insert: single cycle of the sensor response to 0.201% H, and
1.0% O,.
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Fig. 5. Schematic of hydrogen transduction in a metal-oxide—semiconductor
field-effect sensor.

is ~1 ms [9], in a different set-up where gas is injected from
a small nozzle directly onto the 1 mm diameter sensor film. A
short gas exchange time was achieved by restricting the volume
to be exchanged to only 1 L.

3.1.3. Response mechanisms of Pt-SiO,-SiC sensor to
hydrogen

The response of catalytic gate Pt—SiO,—SiC field-effect sen-
sors to hydrogen is a multistep process as shown in Fig. 5.
First, molecular hydrogen dissociates at the heated Pt sensor
film or gate of the capacitor. Secondly, atomic hydrogen diffuses
rapidly, T <5 ws for a 100 nm Pt film at 7>430 °C [23], through
the Pt gate and is adsorbed on sites at the metal-oxide interface.
A dipole layer builds up at the Pt—SiO; interface with the nega-
tive charge in the metal and the protons in the oxide [14], shifting
the potential of the MOS capacitor towards negative bias. The
sensor signal is obtained by monitoring the chemically induced
shift in device potential as a function of hydrogen concentra-
tion. In our case we fix the sensor bias near mid-gap capacitance
and monitor the voltage needed to maintain that capacitance as
the sensor signal, while modulating the hydrogen concentration.
We have previously shown that for metal-oxide—semiconductor
(MOS) sensors, fast reproducible sensor responses require a
careful choice of sensor set-point, in our case near mid-gap
capacitance [3,9].

The resultant potential change (AV) is the steady state
response of the sensor to a particular hydrogen concentration.
Experimentally we obtain the sensor response by comparing
the signal in hydrogen to the signal in a completely oxi-
dizing environment; consequently AV is proportional to the
number of adsorbed atoms at the metal—insulator interface.
Standard models of the response of electrochemical sensors
invoke an adsorption isotherm to determine the concentration
of adsorbed atoms at this interface for different gas concen-
trations or pressure. We briefly describe two of the isotherms
we will use to compare to our data, the Temkin and Langmuir
isotherms.

The most commonly used isotherm in the field is the Temkin
isotherm that assumes that the heat of adsorption AH decreases
with decreasing coverage (6), where 6 is a measure of the number
of occupied adsorption sites. In our case 6 is proportional to
AV. The Temkin isotherm predicts a linear relationship between

sensor response and the logarithm of the hydrogen pressure [15]:
AV o« 8 o« RT In(Py,) 1)

where R is the universal gas constant and 7 is the temperature
in Kelvin. The Temkin isotherm is primarily valid under ultra
high vacuum (UHV) conditions with low to medium coverage
[15,16].

A second very general isotherm, that is applicable for a wide
variety of interactions between molecules and an adsorptive
surface, is the linearized Langmuir isotherm. This isotherm,
which makes fewer assumption than Temkin, can be expanded
to include dissociative adsorption under the condition that: (i)
the solid surface is made up of a uniform array of energetically
identical adsorption sites, (ii) the adsorbates constitute only a
single layer (monolayer) on the surface and (iii) the adsorption
and desorption rate is independent of the population of neigh-
boring sites. The linearized Langmuir isotherm for dissociative
adsorption can be written in its final form as
vx_ L + vx (2)

v CUm  Um
where x is the hydrogen pressure (here Hy %), v the volume of
adsorbed gas (here v o< AV), vy, the maximum value for v and
c is the temperature dependent adsorption equilibrium constant
which is related to the adsorption free energy.

3.1.4. Sensor response to room temperature hydrogen gas

The steady state response of the sensor (AV) to a series
of hydrogen pulses (Fig. 4) is shown in Fig. 6. The sen-
sor response, AV (H,%) for a given hydrogen concentration
in percent (balance is Nj) is obtained from the difference in
the asymptotic value of the sensor signal in 1.01% oxygen
versus that in hydrogen and represents the average value of
AV from three complete cycles. Note that the error bars are
smaller than the symbols. We first fitted our data to the Temkin
isotherm by plotting the sensor response as a function of the
logarithm of the hydrogen concentration in Fig. 6a. This pro-
cedure gives a slope of 84.8 +4 mV/decade with a correlation
of R=0.98608. There is a slight scatter in the data, and a hint
that the response may be saturating about 10.1% H,. We then
fitted the same data to the Langmuir isotherm, using Eq. (2) to
plot the quantity «/H2%/ AV versus /H %, obtaining a slope of
1.0872 £ 0.0006 and an intercept of 0.0032 4 0.0006 with a cor-
relation of R=0.99992. The Langmuir isotherm is an excellent
fit to our experimental data.

3.2. Harsh, industrial environment measurements

Our laboratory measurement system is dedicated for mea-
surements at only low hydrogen concentrations in the 52 ppm to
10% range for a room temperature gas flow. The HPR reactor
at NETL allowed us to study higher hydrogen concentrations as
well as the effect of interferent gases such as CO, CO;, CHy and
H;S. In addition we were able to operate our sensors at higher
flowing gas temperatures that are closer to realistic energy plant
conditions.
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Fig. 6. Sensor response (AV) as a function of hydrogen concentration from the
data in Fig. 4. Plotted are the linear best fits to the (a) Temkin and (b) Langmuir
isotherms with correlations of R=0.98608 and R =0.99992, respectively.

The gas compositions selected for these investigations were
designed to determine the range of operation of the hydrogen
sensor as a potential monitor of syngas composition. Previous
work on hydrogen sensors for energy plant applications has
focused largely on either slightly oxidizing or slightly reducing
gases. Syngas composition monitoring, however, requires use
of reducing gas mixtures with considerable hydrogen content.
As syngas also contains large fractions of carbon monoxide, it
is important to determine to what extent the presence of car-
bon monoxide would interfere with the hydrogen concentration
measurements. An additional contaminant of “clean” syngas is
hydrogen sulfide, which is removed to reach SO, emissions lev-
els required by government pollution limits. The typical level
for sulfur in clean syngas is 200 ppm, as reported during early
operations of the Tampa Electric IGCC plant in Tampa, FL dur-
ing the year 2000 [24]. Our sensor was exposed to a 10 times
higher H, S concentration to determine if sulfur is fatal to device
performance.

3.2.1. Sensor response 0.1-50% hydrogen

The sensor was first exposed to 0.1, 1, 2, 5, 10, 20, 30, 40
and 50% H; gas flows at 350°C and a 1000 sccm flow rate.
Note that the uncertainty is about £0.5 for 2 and 5% hydro-
gen and could vary from 0.7-1.1% for 10-50% hydrogen gas.
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Fig. 7. (a) Sensor measurement in 10-40% H; gas with the sensor at 620 °C and
flowing gas at 350 °C. The gas flow rate is 1000 sccm and 1% O, was used as
the reference. (b) The mass spectrometer signal for both hydrogen and oxygen
(the signal for the balance gas nitrogen is not shown). The SiC sensor results are
completely validated by the mass spectrometry data.

As in the laboratory, 1.02% O, was used as the reference gas.
The sensor itself was maintained at the considerably higher tem-
perature of 620 °C. This gas flow rate is about 10 times higher
than what was used in the laboratory experiments. The device
response to single pulses of 10, 20, 30 and 40% H; are shown in
Fig. 7a. The SiC sensor results were validated with the simulta-
neous mass spectrometry data of Fig. 7b. There is a one-to-one
correspondence between the mass spectrometer and SiC sensor
measurements. The gas stream at the inlet to the mass spectrom-
eter has cooled to near room temperature, as the instrument is
located about 13 m downstream from the reactor and the SiC
sensor. The mass spectrometer gives a reading of the gas com-
position averaged over a 13 s interval and provides one such
measurement every 15s. This is in stark contrast to the SiC
device, which provides an essentially instantaneous (<10ms)
measurement of the 350 °C gas composition. The SiC sensor
can detect transients in the gas composition that may be missed
by time averaged measurements with other technique. Within
the time synchronization of the two data collection systems,
both systems report the same response to alternating pulses of
hydrogen and oxygen.

‘We made the following important observation about the kinet-
ics of hydrogen transduction of the SiC sensor while monitoring
an energetic or heated gas stream. Although the flowing gas was
maintained at 350°C, as reported by the thermocouple 1cm
upstream from the sensor, the temperature of the sensor itself
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decreased from 620°C by 10-25°C during the flow of high
concentration hot hydrogen gas. The decrease in temperature
was proportional to the Hy concentration. This is not a new phe-
nomenon; the dissociation of molecular hydrogen on a heated Pt
surface to form atomic hydrogen is known to be an endothermic
reaction consuming heat and causing the temperature of the Pt
surface to decrease [25]. Our observations imply that the hydro-
gen gas and Pt catalytic film are not in thermal equilibrium,
as energy is conserved in the process of hydrogen dissociation.
Another factor to be considered would be the difference in ther-
mal conductivity between hydrogen and nitrogen gas. Hydrogen
has a much higher conductivity than nitrogen. It would resultin a
loss of more heat or a decrease in sensor temperature. Note these
observations were possible because the sensor and the flowing
gas had independent heating systems. Further work is needed to
determine how to incorporate the energetics of hydrogen disso-
ciation process into a model for sensor operation that does not
evoke an isotherm.

The response of the sensor to 0.1, 1, 2, 5, 10, 20, 40 and 50%
of H; is shown in Fig. 8. The data were obtained from anal-
ysis of the steady state response of the sensor to three pulses
at each concentration. A logarithmic plot of the data using the
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Fig. 8. Sensor response (AV) of the device in Fig. 6, with a 1000 pm diameter
catalytic filmto 0.1, 1,2, 5, 10, 20, 30, 40 and 50% H,. The sensor temperature is
620 °C while the gas temperature is 350 °C with a flow of 1000 sccm. Plotted are
linear best fits to the (a) Temkin and (b) Langmuir isotherms with correlations
of R=0.98304 and R =0.99609, respectively. The Langmuir isotherm provides
a better fit, especially at high hydrogen concentration.

Temkin isotherm gives a slope of 239.4 4= 0.4 mV/decade with
a correlation of R=0.98304, see Fig. 8a. The data is somewhat
scattered and appears to be saturating for 30% H; and above.
However, this saturation disappears when using the linearized
Langmuir isotherm to plot the same data, see Fig. 8b. The scat-
ter in the fit also decreases significantly, yielding a slope of
0.72£0.02, and an intercept of 0.49 £0.10 with a correlation
of R=0.99609. The Langmuir isotherm provides a better to fit
than the Tempkin isotherm to these sensor measurements in a
heated gas stream, especially at high hydrogen concentrations.
Note that there is a difference in slope between the data from
the industrial experiments (Fig. 8) versus the laboratory mea-
surements (Fig. 6), which we believe, is most likely due to the
higher gas temperature gas (350 °C versus room temperature)
and higher gas flow rate (1000 sccm compared to 80 sccm) in
the high performance reactor. Further experiments are needed
to verify our assumption that the SiC sensor response depends
on the kinetic energy of the gas through the gas temperature,
flow rate and pressure.

3.2.2. Effect of common syngas interferants CO, CO; and
CHy

Carbon monoxide (weak reducer), carbon dioxide (weak oxi-
dizer) and methane (reducer) are three of the most common
interferants encountered during syngas production. We exam-
ined their impact on the hydrogen response of the SiC gas sensor
operating under industrial conditions (1000 sccm flow of 350 °C
gas) for two scenarios. First, to understand the effect of inter-
ferants in slightly oxidizing or reducing environments, a low
concentration of each interferant was individually introduced
into a low concentration flow of Hy. Secondly, in order to simu-
late syngas composition monitoring with considerable hydrogen
content, high concentrations of the individual interferants as well
as combinations of the interferants were introduced into a gas
steam with high H, content.

The first set of experiments, performed under slightly reduc-
ing conditions, is shown in Fig. 9. The sensor was exposed to 1%
O; followed by 0.1% Hj to establish the baseline signal. Then
the response to pulses of 5% CO (Fig. 9a), 5% CH4 (Fig. 9b)
and 2.7% CO» (Fig. 9¢) on top of 0.1% H; were recorded. All
the measurements were made in a 1000 sccm flow of 350 °C gas
with the sensor held at 620 °C. Note that under these measure-
ment conditions CO and CHy are reducing species. The small
spikes in the sensor signal near 19 min on trace 9a and 23 min on
trace 9b are not the response of the sensor to the particular inter-
ferant, but are due to transients in the gas mixing system (see
gas flow schematic in Fig. 2) as reported by the on-line mass
spectrometer. Therefore, the introduction of low concentration
of CO, CO; and CHy had no significant effect on the ability
of the SiC sensor to monitor hydrogen in a slightly reducing
environment.

The second scenario looked at the effect of carbon monoxide,
carbon dioxide and methane both individually and in com-
bination under “typical” syngas operating conditions. Using
a 20% H, gas mixture (1000 sccm gas flow at 350 °C, with
Tsensor =620 °C) we sequentially introduced 5% CHy, 40% CO;
and 40% CO into the gas stream according to the schematic in
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Fig. 9. Sensor response to pulses of the interferants (a) 5% CO, (b) 5% CH4 and
(c) 2.7% CO; under slightly reducing conditions. The measurement was made
under industrial conditions with a 1000 sccm 0.1% H; gas stream at 350 °C,
with Tgensor =620 °C. The interferant pulse was introduced into the hydrogen
gas stream at ~19 min and then removed at~28 min. The interferants had a
negligible effect on the hydrogen monitoring capability of the SiC sensor.

Fig. 10a. As in all of our measurements the balance gas is N».
During the period from 27 to 36 min all three interferants were
pumped simultaneously into the HPR. Starting at time 36 min,
methane then carbon monoxide was removed leaving only car-
bon dioxide in the hydrogen gas stream. The output of the SiC
sensor is given in Fig. 10b. Note that the vertical axis has been
greatly magnified, covering a range of only 200mV as com-
pared to AV=1150mV, the measured response to 20% H from
Fig. 8, to highlight the relatively small effect of the interfer-
ants. The mass spectrometer signal from Hy, CO,, CO, CHy
and O, are shown in Fig. 10c, where the relative concentration
in percent for each species is referenced with respect to the total
gas composition of the system. Note that as nitrogen is used as
the balance gas for all of the gas mixtures, we do not show the
nitrogen signal in the mass spectrometer data.
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Fig. 10. Performance of the SiC sensor as a hydrogen monitor under “typical”
fuel reforming conditions. (a) Schematic of the input gas flow sequence, showing
sequential injection of 5% CH4/95% N3, 40% CO2/60% N, and 40% CO/60%
N; on top of a base line 20% H,/80% N, gas stream, (b) SiC sensor response
to the “standard” interferants, CH4, CO, and CO on a 350°C, 20% H, gas
flow at 1000 sccm with the sensor at 620 °C and (c) in-line mass spectrometer
signal of the gas composition inside the measurement chamber (the signal for
the balance gas Ny is not shown in this and subsequent figures). Methane and
carbon monoxide have a negligible (<0.03%) effect on the sensor response to
hydrogen.

The reducer 5% CH4 and weak reducer 40% CO had no
noticeable effect on the SiC sensor response either upon intro-
duction or upon removal from the reducing 20% H, gas stream.
The response of the sensor to 20% Hj is ~1150mV and the
noise in the sensor output, from Fig. 10b, about £3 mV. There-
fore any effect of methane or carbon monoxide is on the order
of a few tenths of a percent of the hydrogen signal.

Addition of the oxidizer 40% CO; changed the sensor signal
by 7% towards a more oxidizing gas composition. According to
the following two reactions this is reasonable result:

CO;+Hy; < CO + HO 3)
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CO + 2H, & CH4+(1/2)02 “

In hydrogen gas stream addition of CO, will always produce
CO; the mass spectrometer indicates that that the amount of CO
produced is about 6% of the total gas composition in the system.
The second reaction indicates that the CO in turn produces about
0.02% of O, (of the total gas composition) as a by-product. This
implies that adding CO; to a hydrogen gas flow will always
generate CO and a smaller amount of Oy. At this point, we
cannot determine whether the 7% change in sensor signal upon
introduction of CO is this direct response to CO; or a secondary
response to the generation of O, as a by-product.

The purpose of the next experiment on the 20% H; gas stream
was to confirm the expected behavior, based on the reactions
given in Egs. (3) and (4), of an isolated pulse of 40% CO as
well as to determine the reproducibility of the sensor response
to a series of 40% CO; pulses. A schematic of the gas pulses
is given in Fig. 11a, the sensor signal in Fig. 11b and the mass
spectrometer signal in Fig. 11c. Again, the vertical scale of the
sensor signal has been magnified to encompass only 140 mV,
the response to 20% Hj is AV=1150mV, to highlight the small
effect of the interferants. From the first pulse, introduction of CO
into the system generated CH4 and O, as expected according to
Eq. (4). The SiC sensor reports that the gas content of the gas in
the system is slightly less reducing, as indicated by a change in
the slope of the signal. Upon introduction of CO; in pulses 2, 3
and 4, we observe the simultaneous creation of CHy, O, and CO
(at the level of 0.001%, ~0.02% and ~4% according to the mass
spectrometer) as expected from Egs. (3) and (4). The response of
the SiC sensor to the CO, pulses is a 7% change from the signal
level in hydrogen, with a repeatability of +2%. Note that the
apparent spikes in CO mass spectrometer concentration (black
dashed line) when the CO, flow is turned off may be at least
partly mathematical artifacts produced by the response of the
mass spec software to changes in the gas stream composition
during the 13 s sampling cycle. Again, we cannot distinguish if
this direct response is due to CO» or a secondary reaction due
to generation of Oy as a by-product.

From these last two experiments, we find that neither methane
nor carbon monoxide, as individual constituents or in combi-
nation, affect the hydrogen monitoring capabilities of our SiC
sensor, within the signal to noise ratio of our measurement sys-
tem. However, CO; does have an oxidizing effect, resulting in
a 7% change in the sensor signal. At this point it is not known
whether this is a primary or secondary reaction. Further experi-
ments have been designed to clarify this issue.

3.2.3. Effect of sulfur contamination

The presence of sulfur contamination presents a challenge in
terms of monitoring coal-based combustion processes as devices
with refractory metal catalytic sensing films can be poisoned
by species such as H»S. In this experiment we introduced a
~2000 ppm H,S pulse on a 1000sccm 10% H, gas flow at
370°C as shown in Fig. 12a. The SiC sensor signal is shown
in Fig. 12b for Tgepsor = 600 °C, along with the mass spectrom-
eter signal in Fig. 12c. We have amplified the vertical axis in
Fig. 12b to 140 mV to highlight the relatively small change due
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Fig. 11. Performance of the SiC sensor as a hydrogen monitor, while subjected to
pulses of 40% CO and 40% CO,. (a) Schematic of the input gas flow sequence,
showing injection of a single pulse of 40% CO/60% N,, followed by three
pulses of 40% CO2/60% N, on top of a base line 20% H»/80% N, gas stream,
(b) response of the sensor to CO and CO; pulses while monitoring a 350 °C,
20% H; flow at 1000 sccm with Tsensor =620 °C and (c) the mass spectrometer
signal of the gas composition inside the measurement chamber. The sensor
performance is not directly affected by CO; it is not known whether the effect
of CO; is due to a primary or secondary reaction.

to sulfur. The sensor response to 10% H; is AV~ 1000mV,
whereas introduction of H,S into the hydrogen gas stream pro-
duced only a 115mV positive, or oxidizing, signal. There are
two extraneous features in the data that are not part of the sul-
fur experiment. First, the small hump on the left wing of the
sensor signal at around 3 min is to be ignored as it comes from
residual CO» in the gas flow line (Fig. 2 shows that CO, shares
a common line with H,S). Secondly, in the mass spectrometer
trace the four spikes in the Hy and H»S signals between 18 and
35 min are not from our experiment, but due to gas grabs in front
of the mass spectrometer (see Fig. 2) for a separate concurrent
experiment.

Following these measurements, the sensor module was
purged with 1% oxygen for ~22 min to remove H,S from the
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Fig. 12. The effect of alarge (2000 ppm) sulfur pulse on the hydrogen monitoring
capabilities of the SiC sensor. Under “typical” fuel reforming conditions, the gas
stream contains 200 ppm of H, S. (a) Schematic of the gas flow showing injection
of a single pulse of 2000 ppm H2S5/99.80% N> on top of a 10% H2/90% N, gas
stream, (b) the sensor signal for a 370 °C gas stream with Tgepsor =620 °C and
(c) the mass spectrometer signal of the gas composition inside the measurement
chamber. The device is not poisoned by sulfur.

system. However, as we are using a stainless steel reaction ves-
sel, it is possible that the sulfur adsorbs to the inner walls and
continues to desorb over time, thereby affecting any subsequent
measurements performed in this module. Due to limited experi-
mental time in the high performance reactor, it was not possible
to test the sensor performance after sulfur exposure at NETL.
Upon returning to MSU the sensor response as a function of
hydrogen concentration was measured over 2.5 decades with a
room temperature Hy gas stream, in the original test module.
The sensor response, analyzed using the Tempkin isotherm, is
a factor of three higher after high-temperature gas exposure as
compared with the original device response in Fig. 4. We pos-
tulate that exposure to a high-temperature gas stream at NETL
further activated the Pt catalytic sensing film. No degradation in
the performance of the device as a hydrogen sensor was observed
following a large (2000 ppm) dose of H,S that is a factor of 10
higher than the typical level of sulfur for clean syngas [24].

4. Conclusion

We have designed and built a high-temperature gas sens-
ing module for laboratory scale testing that is also capable of
monitoring gases in harsh industrial environments, such as an
energy plant. The sensor is a catalytic gate field-effect device
(Pt-Si0,-SiC) that can detect hydrogen-containing species in
chemically reactive, high-temperature environments in real time.
We have demonstrated the long-term reliability of our SiC sen-
sor and the robustness of the sensor packaging technology; all
the measurement in this paper are from a single device which
were obtained during a 5-day industrial measurement cycle,
followed by more than 400 h of continuous operation under lab-
oratory conditions. The data were taken in a 350 °C flowing gas
stream to achieve conditions that were closer to those found
in a coal gasifier as compared to using room temperature gas.
The sensor temperature of 620 °C was independently set to well
above that of the gas under interrogation for output stability,
as well as to maximize the magnitude and speed of the sensor
response.

The SiC sensor has a large dynamic range, the lower bound of
the sensitivity is at least 52.1 ppm, and the same device was also
used to monitor a 50% Hj gas stream. The linearized Langmuir
isotherm was successfully used to model the sensor response
for both high temperature and room temperature hydrogen. The
potential for using the SiC sensor to monitor hydrogen in a coal
gasification application was investigated by looking at the effect
of common interferants on the device response to a 20% hydro-
gen stream. Carbon monoxide and methane at the 40 and 5%
level, respectively had no measurable effect on the sensor within
the S/N ratio. A 7% change in the sensor signal was observed
for a 40% carbon dioxide gas stream; however it is not known
whether this is a direct response to CO;, or oxidizing by by-
products. Hydrogen sulfide, which can be deadly for refractory
metal catalysts, such at our Pt sensing film, did not poison the
sensor performance at the 2000 ppm level, which is 10 times
higher than at an operating power plant. All of these sensor
measurements were validated using an in-line mass spectrome-
ter.

The series of measurements performed under industrial con-
ditions showed that the SiC sensor could be a very valuable tool
for real time monitoring and feedback of combustion processes,
asitinstantly reported any changes in the “net” hydrogen content
of the gas stream. For example, changes in the gas composition
due to the generation of by-products, release of residual gas in
the gas mixing system, accidental opening of a gas switch were
immediately observed in the sensor signal, then validated some
time later by the mass spectrometer output.

We have demonstrated the capabilities of a SiC device as a
hydrogen sensor to monitor the performance of a fuel reforming
or syngas production application. Other potential applications
for this reliable and robust MOS SiC gas sensor include mon-
itoring syngas fuel gas flow to a turbine or a high-temperature
fuel cell, emissions control in automobiles, feedback con-
trol during mixing of air and fuel in an internal combustion
engine and the detection of flame fronts in controlled experi-
ments.
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