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Abstract— The detection and monitoring of gases in exhaled
human breath up to date has been limited by the lack of
appropriate materials and technologies which could rapidly and
selectively identify the presence and monitor the concentration
of trace levels of specific analytes-biomarkers. We present a
metal oxide-based nanosensor that is highly specific to ammonia
gas in breath-simulating environments at low part-per-billion
concentrations. The design of a handheld breath analyzer for gas
detection in exhaled human breath is described. Semiconducting
ceramics are presented as suitable sensor materials for easy and
affordable non-invasive diagnostics.

Index Terms— Chemical sensing, Nanosensors, Breath ana-
lyzer, Metal oxide-based sensors, Ammonia detection

I. INTRODUCTION

LTHOUGH analysis of body fluids (blood, sputum,

urine) for disease diagnosis and monitoring is routine
clinical practice, human breath analysis methodologies that
exploit the non-invasive nature of such approach are still
under-developed. Since the time of the ancient physician
Hippocrates, exhaled breath was recognized as a non-invasive
tool to diagnose diseases. Breath testing devices first appeared
in 1784 when Lavoisier detected CO in exhaled breath of
guinea pigs [1]. Since then, colorimetric assays and gas
chromatography columns have been used to analyze VOCs
(volatile organic compounds) in human breath in quantities
varying from millimolar (10—3M) to picomolar (10~ 12M)
concentrations [1]. The latter gas sensitivity limit was achieved
by Linus Pauling’s gas-chromatography-based breath analysis
device in 1971 [2]. Among the 400 compounds of which
the human breath consists, only 30 have been identified and
most of them are potential indicators (markers) of more than
one type of diseases [3]-[5]: NO which has been widely
studied as a bio-marker for oxidative stress [6]; exhaled C'O
also a marker for cardiovascular diseases, diabetes, nephritis,
bilirubin production; exhaled hydrocarbons of low molecular
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mass, such as ethane, n-pentane; ethylene, isoprene (hydrocar-
bon affected by diet which is a marker for blood cholesterol
levels) [7]; acetone; formaldehyde; ethanol; hydrogen sulfide,
carbonyl sulfides, and ammonia/amines. For example, mea-
surements of exhaled ammonia may differentiate between viral
and bacterial infections in lung diseases to justify the use of
antibiotics [8], or it may be used to indirectly measure urea
levels if monitoring renal diseases [9].

Identifying these signaling metabolites (disease markers)
and measuring them in trace concentrations is not a trivial
problem. The low concentrations (ppb) of analyte molecules
present a major challenge, along with the specificity to a given
analyte. On the other hand, the benefit of developing this tech-
nology is tremendous. This paper focuses on the synthesis of
a nanosensor that can selectively measure ppb concentrations
of ammonia gas in breath-simulating environments. In the
present work, a breath testing prototype device has also been
developed based on an N Hs-selective M oO3 nanosensor and
it is described in detail. This breath analysis tool operates on
the principle of resistive chemosensing, thus it is unique, novel,
inexpensive and it rapidly detects ammonia. The selectivity of
the nanosensor enables use of simple circuitry for detection
and enables design of portable ’cut-off’ prototype for pre-
screening patients with specific diseases. Due to the selectivity
of the sensor, pattern recognition algorithms employed with
general sensor arrays become obsolete and the conductance
of the sensor is directly proportional to specific analyte con-
centration. Thus to sense the concentration of analyte, the
resistance of the sensor is converted to a voltage signal. For
a binary response, the percentage increase is compared to a
predefined threshold value. The threshold value is set through
calibration measurements and the specific LED indicates if the
concentration of the analyte has exceeded the threshold value.
The prototype device that we have developed is hand-held,
offering portability, and it is easy to use.

The paper is organized as follows. Section II reviews the
experimental techniques that have been used in the synthesis,
characterization, and design of the sensor and the sensing
device. Section III describes the experimental results obtained
using the nanosensor as well as the operation of the breath
analyzer. Concluding arguments are given in Section IV.

II. EXPERIMENTAL PROCEDURE

A sol-gel synthesis method [8] was employed to produce
3D networks of MoOs nanoparticles through an alkoxide
reaction between molybdenum isopropoxide and 1-butanol.
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Fig. 1. (a) Schematic of EOS 835 and the sensing chamber; (b) Schematic
of the sensing substrate on the TOS8 substrate
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Fig. 2. Schematic of the gas sensing setup

The prepared sol was spin-coated onto sensing substrates
(Bmmx3mm alumina plated with interdigitated Pt electrodes
produced by our group at Cornell’s Nanofabrication Facility)
producing thin films of MoOs. The amorphous films were
then calcined at 500°C' for 8 hr to form the a-MoO3 poly-
morph.

The sensor was tested using a gas-flow bench [10]. The
gases used were UHP (ultra high purity) nitrogen (Praxair),
UHP oxygen (Praxair), 10 ppm ammonia in No (NORLAB
gases). [N Hs concentration was varied by varying its flow
rates in connection with Ny and O flow rates. The gases
were controlled through 1479 MKS Mass flow controllers
whose channels are connected to a Type 247-MKS 4-channel
readout which reads the flow rate of the gases directly in sccm
(standard cubic centimeter per minute). The combined flow
rate of the gases was maintained at 1000 sccm. A schematic
of the sensor on a TO8 substrate, the sensing chamber and the
gas sensing set up are given in Figure 1 and Figure 2.

The effect of humidity was evaluated using a controlled
humidity chamber, in which relative humidity can vary be-
tween 0 and 100% in the presence of the gas under study.
Humidity is produced by bubbling N, gas stream through a
standard water bubbler at room temperature. The percentage of
humidity was controlled by varying the ratio of dry to wet No.
A commercially available COs filter (NaOH premixed with

Vermiculite in a 10:1 ratio — Decarbite absorption tube, PW
Perkins and Co) was used in these studies. Decarbite reacts
only with highly acidic gases such as CO3, H»S.

Furthermore, a portable breath analyzer was developed by
attaching a heater to the backside of the sensor’s substrate and
then embedding them into a circuit board. A breath collection
tube is attached to the prototype.

III. RESULTS AND DISCUSSION

The sensing element used in this work to detect ammonia
was a nanocrystalline, sol-gel processed thin film of a semi-
conducting ceramic, M 0QO3. This metal oxide, which is also a
known catalyst, has been stabilized in it’s a-phase polymorph
with an orthorhombic crystal structure. The a-MoO3 phase
has a layered structure with (010) basal plane that is built up
of double chains of edge-sharing [ M 0Og] octahedra connected
through vertices. Upon reduction in catalytic reaction with
gases this phase forms the Mo13052 structure instead of the
ReOs type MogOs3 shear structure [11]. It was discussed
in our earlier publications [10], [12] that the «-phase is
selective to ammonia and highly sensitive to amines (which are
moderate bases) and the sensing mechanism is consistent with
the reduction of MoO3 and the formation of ordered phases,
which suggests a reaction-based sensing process. This was
true for sputtered films [10], as well as for sol-gel processed
ones [12]. In all of our previous studies on MoQOs3 sensors,
no matter what the processing method used [13], [14], the
a-phase exhibits a trend of selective response to ammonia in
the presence of interfering gases. Furthermore, this observed
selectivity included gases that are typically encountered in the
human breath, including NO2, NO, C3Hg, and Hs; there was
a slight cross-sensitivity reported for sol-gel processed films
to C'O (for tested concentrations between 50-500ppm) [figure
6 in [12]].

In this work, the focus is to demonstrate that the a-MoO5
-based sensor may detect ammonia at concentrations relevant
to the normal levels found in exhaled human breath. Selected
ion flow tube (SIFT) measurements of ammonia in the breath
carried out [15] on a sample of normal controls versus a
population of stable patients treated for end-stage renal failure
show that the former group exhibit ammonia levels of 425 ppb-
1800 ppb, mean of 960 ppb. The diseased population had
ammonia levels on breath ranging from 820 ppb-14700 ppb,
with a mean of 4880 ppb. The lowest gas concentration we
were able to test in our laboratory was 50 ppb, so this was the
lowest limit of our measurements. Ambient levels of C'O, are
around 300 ppm and a typical level in breath is much higher,
at approximately 5 — 6%. At 500°C, COs is expected to break
down to C'O and Os. Given the known cross-sensitivity of the
sol-gel sensor to C'O, a filter is used to remove C'O, altogether.

The sensor is semiconducting at elevated temperatures only
and the a-phase is stabilized above 500°C'. As shown in
Figure 3, when the sensor operated at 500°C' was exposed to
various concentrations of N Hj3 gas in a background mixture
of No and Oy (80%/20%) simulating ambient air, N H3 was
detected easily down to 50 ppb. When the sensor was exposed
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Fig. 3. Sensing response of MoO3 sensor to N H3 (50ppb and 100ppb).

to various concentrations of N Hs and C'Os, (using the filter to
scavenge C'O») in the presence of Ny and Os, the presence of
CO- did not affect N H3 sensing, for concentrations ranging
between 0.5 and 10 ppm. Such results are clearly shown in
Figure 4(a)— (c). Preliminary data also showed that up to 25%
humidity in the gas stream does not have any effect on the
performance of the sensor (data not shown here). The sensor
is reversible; response and recovery times are extremely fast
(milliseconds to seconds) and the expected lifetime is over 1
year at the operating temperature.

A. Binary Prototype

The goal of the designed sensor prototype is to provide
measurement and quick ’cut-off’ response display. For the
quick initial pre-screen procedure, the qualitative measurement
of the gas concentration is not necessary. LED display is
implemented to indicate the binary measurement results. Thus,
when the output resistance is higher than a predefined higher
threshold, a red LED is lit up; when the output resistance is
lower than a predefined lower threshold, a green LED is lit
up; when the output resistance stays in the middle, both LEDs
are off.

A schematic of designed prototype is shown in Figure 5. The
output of the sensor is connected with a fixed resistor serially.
With the help of the voltage divider, the output resistance
is converted to a voltage signal, which is proportional to
the output signal. The voltage signal, indicated as Vies in
the figure, is connected to a comparator and compared to a
threshold voltage, V};, which is created by another voltage
divider. A potentiometer is used to create the threshold voltage,
so that it is very easy to adjust the threshold. The comparator
compares the two inputs and generates a output signal that
either turns on or turns off the following LED.

For simplicity, Figure 5 only shows the comparison with
higher threshold. If V.. is higher than V};, the output of
comparator is high, thus turns on the red LED. The same
schematic is applied for the comparison with lower threshold,
where the only difference is Vi.s; is now connected to the
negative terminal of comparator, and V3, which is the lower
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Fig. 4. Sensing responses of the MoQO3s sensor to Ippm concentration of

(a) CO2 and N Hgz without filter; (b) CO2 with filter; and (c) N Hs with
filter.

threshold here, is connected to the positive terminal. In addi-
tion, connections for the on-chip heater is also provided in the
prototype.

Figure 6 shows a photograph of the designed binary sensor
prototype. The MoOs3 sensor is isolated from the environment
by a chamber. A specially designed channel allows exhaled
human breath flow or controlled gas flow to go through the
chamber and interact with the sensor (not shown here). The
mouthpiece receives the analyte input. The sensor determines
the concentration of N H3. Based on predetermined threshold,
the result is displayed either as a red (positive for high
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Fig. 5. Schematic diagram of the designed prototype.

Fig. 6.  Photograph of designed binary portable prototype for detection of
signaling metabolites.

ammonia level indicating diseased state) or green (negative for
disease) light signal. The prototype is powered with an external
power adaptor, and regulated with an on-board adjustable
voltage regulator. The adjustable voltage regulator is chosen
to enable testing of the sensor with different biasing voltage.
The comparators are implemented with commercially available
ICs, LM339 from National Semiconductor. Due to the high
current, up to 450mA, required from the heater, a heat sink is
used to help the regulator work properly.

Our prototype system was developed to validate the feasi-
bility of breath analyzer and selectively to sense the range of
concentrations of NHj that could be present in the human
breath. The designed prototype will be used in future medical
trials that would determine the appropriate threshold value.

IV. CONCLUSION

This paper reports on a ceramic nanosensor for the selec-
tive detection of ppb levels of ammonia in breath-simulating
environments and on the design of a simple breathalyzer
prototype device utilizing such chemiresistive sensors for
fast, convenient, inexpensive, and non-invasive monitoring of
exhaled gases in human breath for disease diagnosis. The ce-
ramic (metal oxide) science and technology reported here may
revolutionize nanomedicine applications, such as inexpensive
and easy to use non-invasive diagnostic tests.
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