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Copper Tungstate Thin-Films for Nitric Oxide Sensing

C. M. Gonzalez, X. Du, J. L. Dunford and M.L. Post

Institute for Chemical Process and Environmental Technology, National Research Council of Canada,

1200 Montreal Road, Ottawa, Ontario, K1A 0R6, Canada.

Abstract:

CuWOq thin-films prepared by the pulsed laser deposition technique were studied for
monitoring nitric oxide (NO) in the concentration range 10 < [NO] < 400 ppm under
synthetic air. The thin-film films were characterized by X-ray diffraction (XRD), depth-
profilometry and electron transport measurements. The CuWOQ, thin-film response to O,
confirmed an n-type conductivity. Monitoring the thin-film conductometric response to
NO at both 300 and 500 °C revealed the operation of a temperature-dependent
mechanism for detection. At 300 °C, increasing [NO] produced a consistent increment in
thin-film resistance, while at 500 °C the thin-film resistance decreased with [NO]. At

500 °C, a transient response was systematically observed. The chemical origin of the
transient is discussed. The estimation of response factors to NO exposure in the
presence of high [O,] indicates a significantly higher selectivity to NO. Extensive
conductometric measurements show that the thin-films feature good electronic and

thermal stability over time.

Conductometric Gas Sensors. NOy sensors. Environment Monitoring Technologies.
Semiconductor Metal Oxides.



1. Introduction

Nitrogen oxides (NOy) comprise a family of gas-phase species, some of which are recognised
as particularly noxious pollutants (e.g. NO and NO,) [1]. Of these compounds, nitrogen monoxide
(NO) and nitrogen dioxide (NO_) are primarily formed from fossil fuel combustion, and these can
promote the formation of derived nitrogen oxides such as N2O, N2O,, N2Oz and N2O4, as well as nitric
(HNO3) and nitrous (HNO,) acids, particulate matter and ozone (Os). Human exposure to NO at sub-
ppm concentrations is found to produce conjunctivitis and dermatitis, and to irritate mucous
membranes, including sinuses, pharynx and bronchia. Prolonged exposure has been linked to
irregular respiration and pulmonary edema. The exposure limits set by most jurisdictions (e.g. NIOSH
REL) is 25ppm, and the level of immediate danger to life or health (IDLH) is 100ppm.

In conventional gasoline automobiles, the fuel-rich nature of the combustible mixture can
reduce the production of NOy species due to the presence of O, in lower concentration than that
required for full combustion. Because of this set of operational conditions, the rich composition of the
combustion mixture results in the emission of high amounts of CO and hydrocarbons. In contrast,
when diesel engines are operated at an oxygen concentration in the stoichiometric range, the
combustion process results in the efficient consumption of fuels and in a dramatic reduction of levels
of CO. Nonetheless, these operating conditions produce a large amount of CO, and promotes the
formation of NO and NO.. The increasing popularity of diesel vehicles (and lean burn automobile
systems), given their superior power and higher efficiency per unit of fuel volume, has produced a fast
increase in the atmospheric levels of NO, gases and other associated pollutants [1]. Typical
concentrations of emitted NO can range from very low ppm levels to a few hundreds of ppm.
However, under transient high load conditions or in cases where combustion efficiency is
compromised, emissions levels up to 1000ppm or higher can occur. With the increase of functioning
diesel automobiles, government institutions around the globe have initiated regulatory legislations to

control NOy emissions [2]. The implementation of these legislations has pressured the automobile



industry to produce more reliable, selective and robust NO, sensors for use in engine emissions
control and for monitoring the operational effectiveness of exhaust stream conditioning systems.
Currently, the technology applied to NO, monitoring in automobile exhausts comprises the A-
sensor design (amperometric sensor). The working principle is based on the measurement of the O
concentration in both a reference system (up-stream to the catalytic treatment where this is present)
and in the after-treatment exhaust. This sensor prototype requires the use of an additional reference
electrode. Thus, the concentration of NOy gases is not estimated by the direct detection of NOy
species. An alternative approach for the design of compact and reliable NOy sensors with good
performance, involves the use of semiconducting metal-oxide thin-films as the sensing phase [3-5].
Such sensors can be suitable for a wide range of monitoring applications (including NO monitoring in
automobile emissions) in a variety of NO4 emitting systems: biological systems, small engines,
electricity generators, as well as in agricultural, non-road and industrial applications (e.g. air quality
control technologies).The sensor detection mechanism is based on surface interactions between
semiconductor surface-states (e.g. free electrons, vacancies, empty orbitals or holes and oxygen
adsorbates) and a gas-phase analyte. The effect of such interactions on the sensing material electron
transport properties is interpreted and quantified through changes in conductivity (or measured
conductance). Moreover, a semiconducting metal-oxide offers the possibility of miniaturization for the
sensing phase (e.g. thin-films), reaching the nanoscopic size-scale. This constitutes a practical
means for the realization of sensor devices with superior performance since the nanometric
dimensions of the sensing film provide an enhanced response to a diversity of physicochemical
stimuli (temperature, mass changes, vibrations, magnetic fields, UV-UVvis radiation) and chemical
environments (effect of chemical interactions with surrounding analytes, reactivity and chemical
affinity, concentration effects, humidity), as well as for cost reduction. Nanometric films of the type
used here can be reliably deposited by the pulsed laser deposition technique (PLD). This technique
offers an approach to enhance sensor functionality by controlled and reproducible nanostructure

manipulations, depending on the laser ablation parameters (e.g. laser ablation time, pulse energy,



pulse frequency) and the deposition chamber parameters, such as background O, pressure in the
case of metal oxides, and also substrate temperature which can promote desirable structural features
such as preferential orientation.

Previous studies have shown that WO3 is a material highly suited for the real-time monitoring
of gas-phase pollutants (conductometric sensing phase), particularly for NOx monitoring [6-14].
Specifically, two major strategies have been used to improve sensor performance: /) WQO;3 in
combination with catalytic metals [8-10] and /i) metal-oxide composite formulations with the use of a
metal-oxide cocatalyst [11-14]. The present work reports the latter as the experimental strategy to
enhance the sensing profile of WOs3, specifically using novel (CuWOQy) thin-films.

Thin-films were prepared using the pulsed laser deposition technique (PLD). The
crystallographic and structural features of the CuWOQ4 thin-films are discussed and the temperature
effect on the electron transport properties of the thin-films upon exposure to O, and NO was
investigated. Sensing performance towards O, and NO was evaluated in ranges commonly
expected in automobile exhaust emissions.

2. Materials and Methods

CuWO, was prepared by a solid-state reaction between WO3; and CuO at high temperature.
The reagents, WO; (Alfa Aesar, 99.998 %) and CuO (Alfa Aesar, 99.995 %), were used as received.
A mixture of CuO and WO3; with 1 : 1 stoichiometric molar ratio was placed in an alumina crucible and
sintered in two steps under a flowing oxygen atmosphere. First, the metal oxides were allowed to
react at 600 °C for 12 hours. Prior to a second thermal treatment, the resulting material was
thoroughly ground and the resulting powder sintered under O, at 750 °C for an additional 24 hours.

A target in the form of a compact pellet with size 12 mm (diameter) x 5 mm (thickness) was
used for the preparation of thin-films using the pulsed laser ablation deposition technique (PLD). The
PLD target was prepared using the powder resulting from the procedure described above by isostatic

pressing at 2 T in a mould. The pellet was sintered at 680 °C for 24 hours in O..



Thin-films of CuWOQO,4 were produced using a Lambda Physik LPX305i laser operating at A =
248 nm and an atmosphere / vacuum controlled deposition chamber. The films were deposited on
single crystal sapphire substrates, a-Al,O3 (1102), using a laser ablation period of 20 minutes at a
pulse rate and energy of 8Hz and 600 mJ, respectively. During the ablation period, the substrate was
isothermal at T = 600 °C and the pressure of O, was 100 mtorr. Following deposition, the chamber
pressure was increased to p(O.) = 400 Torr and the films were kept at T = 600 °C for 30 minutes.
Finally, the thin-films were cooled to 25 °C at a rate of ~ 8 °C / minute.
2.1 Physicochemical Characterization

Laser targets and CuWOQOq thin-films were characterized by powder X-ray diffraction (P-XRD)
using a Bruker-D8 diffractometer with parallel beam geometry and a sample holder kept stationary
with both the XR-source tube and detector arms mobile. The XR-source was a cobalt anode (Co AKa;
=1.78897 A). No monochromator or filter was used. The crystallographic studies of the PLD thin-films
were done by spinning the sample at 15 rpm. The fingerprint methodology (Phase-ID, search/match
routine) was used as a diagnostic tool for the identification of crystal phases and analysis of reaction
products. The reference patterns used for the structural analysis were provided in the ICDD Powder
Diffraction File database (supplied as PDF-2 and compiled into DIFFRACTP" Reference Database

format, released in 2002). Thin-film thicknesses were measured using an Xp-2™

profilometer (XP
Series Stylus Profilometer, Ambios Tecnnology, Inc.).

The system for evaluating the sensing performance consisted of computer operated elements
with a heater (powered using a Xantrex HPD 60-5 power supply), gas-supply manifold with 4 mass
flow controllers (MKS Type 1479A), sensing electrodes (gold electrodes connected to a Keithley 2400
sourcemeter) and a custom feedback temperature controller equipped with a K-type thermocouple.
For sensing studies, gold electrodes were deposited on the thin-films using a thermal vacuum
deposition procedure. In order to assure good ohmic contact, two small pads of gold were placed

between the sensing electrodes and the film electrodes. Conductance (resistance) was monitored to

detect changes in the electron transport properties with changes in experimental conditions (e.g.



temperature effect, interaction with gas-phase species, concentration effects, etc.). For the
experiments, the total gas flow rate was kept at 250 cm® / minute (sccm). The temperature range for
the sensing functionality studies was between 100 °C and 500 °C. The gases were delivered from
certified gas cylinders in appropriate mixtures of O, (Linde; 4.5 grade), N2 (Linde; 5.0 grade) and NO
in N2 (Praxair; nominally 500ppm in ultra N»). The O, exposure studies were done with [O2] = 0 to
90 % in balance N.. The NO ranges applied to the sensor were 5 to 400ppm and completed in two
sets of measurements. The first set was with 20% O, 80% N as the carrier and the second with
100% N2 as carrier to “bracket” the O, concentration ranges expected in exhaust environments. This
approach provided a means to assess relative sensor response characteristics to [NO] in the
presence of differing O, environments.
3. Results and Discussion
3.1 Structural Characterization

Formation of single phase CuWQO, from the CuO and WQOj3; precursors was confirmed by
comparing the XRD laser target reflections with database standards (DIFFRACTP"® 2002 reference
database pattern # 01-088-0269). No reflections from reagents or other reaction products were
observed, however peaks due to Co-Kf radiation are present. Figure 1 shows the XRD pattern for
PLD targets of CuWO,4. An excellent match for reflections were found for the PLD targets and the
database standards.

Figure 1. XRD for CuWO, PLD target.

Figure 2 shows the XRD for a CuWQy thin-film along with the XRD for the CuWO, PLD pellet
and the XRD for the substrate (a-Al,O3). As expected, the thin-film XRD includes the substrate
reflections (note that both the substrate (a-Al.O3) and the thin-film material (CuWQ,) display XRD
patterns with reflections about similar 26 angles). An overlap at 26 = 26.9 ° and 62.1 ° occurred. This

is supported by a change in the observed order for relative intensity at these 28 angle (considering



the substrate reflections). The thin-film XRD for the CuW Oy, thin-film displayed a reduced number of
reflections compared with the bulk material, indicative of the film having a preferential orientation.
The CuWOQ;, thin-films thickness estimated by optical profilometry was in the 280 nm range.

Figure 2. XRD for representative thin-film with CuWO, composition showing preferential

orientations.

3.2 Sensor Functionality Study

The sensing mechanism displayed by semiconducting metal-oxides to redox gas-phase
species, including Oz, NO and NO,, operates by physicochemical interactions originating in the
surface of the sensing material (e.g. production and consumption of surface defects, electron transfer
events, formation of stable adsorbates through chemisorption, in particular formation of oxygen
adsorbates and, in general, redox interactions with gas-phase species). The formation of ionized
surface adsorbates at the semiconductor surface at the expense of removal of electrons modifies the
electronic properties of the interacting surface. The variation in charge carrier concentration and the
diversification of the chemical nature of surface-states with both temperature and surrounding gas-
phase species result in a measurable change in electrical conductance. It is worth noting that for
some cases, there also exist chemical processes in the film bulk that contribute to the transport of
electric charge, particularly when ionic migration and transport is possible. Consequently, monitoring
changes in the electron transport properties provides information that allows the evaluation of the
sensor functionality to target gas-phase species [4-6,11,13,15-20,22]. Equation 1 summarizes the
fundamental process that renders semiconducting metal-oxides suitable for sensing gas-phase

species that undergo a redox change upon interaction with surface-states [3-6,8,19-25]. In Equation

1, Op*represents an unstable lattice oxygen and V02+, an oxygen vacancy with charge 2+.

Oox 2 %20, + Vo 2+ + 2e (1)

3.2.1 Response of CuWO, Thin-Films to Temperatures Changes



Figure 3 shows the response to cyclic temperature changes for CuWO4 thin-films in the 200 -
500 °C temperature range. As expected for a semiconductor, a temperature increase promotes an
enhancement in the charge transport, which is evidenced by an increase in electronic conductance
(o) with temperature.

Figure 3. Thermal stability and reproducibility of electrical response (o) with temperature in
synthetic air (20 % O- in Ny) for a CuWO, thin-film. The rate for temperature change was 2 °C /

min.

Despite the thermal stress caused by cyclical temperature changes, the thin-film conductance
profile showed good reproducibility (+ 6 %) and signal stability for both the conductance value
corresponding to the reference state (20 % O in N2, T = 200 °C) and those at operating temperatures
(300, 400, 500 °C). The reproducible conductance profile indicates that the thin-films possess good
mechanical adherence to the substrate and suitable thermal and electrical stability.

3.2.2 Response of CuWO, Thin-Films to O,

In hydrocarbon fuelled engines, the exhaust composition has a dependency upon the rich or
lean nature of the combustion mixture. As a result of combustion, the oxygen concentration [O2] in the
exhaust is no longer equal to the [O,] in the pre-combustion mixture and [O;] can range from ~20 %
in the pre-combustion mixture to close to zero in the exhaust. Thus, the oxygen abundance in the
exhaust is a parameter of the operational condition of the engine, so in order to ascertain the CuWO4
sensor functionality in this application, the electrical response to changing [O.] was also examined.

Measurements of o vs. [O2] at both 300 °C and 500 °C were performed in order to study the
effect of O, on the conductance of the thin-film, Figure 4a and 4b. The plots in Figure 4 show the
effect of increasing O,-to-N2 molar ratio at the working temperatures, 4a. T =300 °C and 4b. T =
500 °C. For these experiments, the reference gas was synthetic air (20 % Oz in N2). The oxygen
concentration is given in molar percentage. The analysis of the plots reveals that conductance values
progressively decreased as [O;] increased. This is the result of a decrease in the concentration of

surface electrons (formation of oxygen adsorbates) and the annihilation of oxygen vacancies through



chemical interactions between molecular O, and the semiconducting surface (Equation 1). Since the
conductance values progressively decreased with increasing [O2] at both operating temperatures, the
CuWO4q thin-films display an n-type conductivity. The monitoring response (defined as 90 % of the
conductance value for the steady state response) at 300 °C occurred at exposure periods of ~ 80 - 90
minutes, and at 500 °C, ~ 10 - 12 minutes. At 300 °C, the estimated recovery time (under the
reference gas, 20% O in No) was approximately 90 minutes, whereas at 500 °C, ~ 10 minutes. The
elapsed time to reach the stationary state and the recovery time did not show a significant
dependence on [O;] for either operating temperature.

Figure 4. CuWO, thin-film response to O, exposure in N2 ( O2 % = 0 to 90%), T = 300 °C and

500 °C.

Figure 5 displays the response factors R¢to O, for the thin-film at both 300 and 500 °C as a
function of pO, (pO2 < [O2]). The calculation of the response R;was carried out using Equation 2,
where R; represents the resistance values with varying [O], and R, the resistance recorded upon
exposure to the reference gas-system (synthetic air, 20% O in Ny). Figure 5 also indicates the
sensitivity factors Sy corresponding to O, exposure at both operating temperatures. Here, Syis the
slope of each curve (T = 300 °C and 500 °C), and further can be defined as the limiting increase in
analyte concentration (9[O2] or dpO.) that produces a measurable and reproducible change in the
instrumental response (conductance / resistance), Equation 3. The estimated sensitivity factors Sy at
both temperatures feature comparable values, S; (300 °C) = 0.72 atm™ vs. S (500 °C) = 0.85 atm™.
For both fits, the coefficient of determination was R? > 0.99. The plotted & values were calculated

with average values and the bars indicate the estimated errors. .
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Figure 5. Response factors #; to O,exposure in N2 (02 % = 0 to 90 %), T = 300 and 500 °C.

Reliability tests were performed in order to test the reproducibility of the material response to
O.. This produced consistent changes in electrical conductance with [O5] at both temperatures, with
values reproduced within £ 5 %.

3.2.3 Sensing Performance for CuWO, Thin-Films toward Nitrogen Monoxide, T= 300 °C and
500 °C
The sensing functionality to NO was evaluated at both 300 °C and 500 °C with a carrier gas

balance of synthetic air (20 % O in N2) and using the synthetic air resistance level as a reference.
NO exposure at 300 °C, Figure 6, resulted in an increase in resistance with increasing [NO]. Figure 6
shows that a steady state was not reached for any of the investigated [NO] within an exposure time of
60 minutes. Therefore, at 300 °C, the sensing response to NO is slow. The recovery of the baseline
resistance under the reference gas took ~ 25 - 30 minutes.

Figure 6. Sensor response to NO exposure ([NO] range from 19.5 to 370 ppm) at 300 °C. The

reference gas system was synthetic air (20% O in Ny). [NO] is indicated in ppm.

The response to NO at 300 °C indicates a decrease in the number of charge carriers (and
implies reduction of NO). The set of reactions shown by Equations 3 - 7 are commonly invoked to
explain the sensing mechanism of n-type semiconductor metal-oxides to NO, as has been reported
elsewhere [26-34]. In general, the catalytic decomposition of NO on metal-oxide such as TiO,, CeOx,
WO3 at T > 100 °C yields N>O (which further decomposes to N> and O), N2 and O, (dominant

products at T > 900 °C) and, to a lesser extent, NO, (which is not produced at T > 500 °C).

NO + e 2 NO— (3)



NO + (NO)~— 2 (N2Op)~ (5)
(N205) 2 (N0~  + V2 O2 (6)
(N20)~ 2 N + o (7)

Assessment of the sensor functionality to NO was also carried out at 500 °C, Figure 7. For this
temperature, conversely to that found at 300 °C, NO exposure resulted in an increase in conductance.
This response pattern indicates the operation of a different detection mechanism with respect to that
at 300 °C, where increasing [NO] produced a decrease in 0. Additionally, in the cases where [NO] >
90 ppm, after an initial fast increase in conductance, there followed a transient of reverse response,
Figure 7. The transient response is characterized by a fast decrease in electronic conductance. At
500 °C, the sensing response (previously defined as 90 % of the response for the stationary state)
occurred within 5 - 8 minutes of NO exposure (estimated for the conductance maximum preceding
the evolution of the transient response). The recovery time was approximately 20 minutes for all the
NO exposures. The persistent transient response reveals evidence of (at least) two parallel chemical
processes in the sensing mechanism.

Figure 7. Sensor response to NO exposure ([NO] range from 19.5 to 390 ppm), T= 500 °C. The

reference gas system was synthetic air (20% O in Ny). [NO] is indicated in ppm.

This particular response pattern to NO at high temperatures (increase in o with [NO]) has been
observed before for NOy monitoring studies using n-type semiconducting metal-oxides [12,35-38]. It is
noteworthy that the presence of low concentrations of nitric oxide resulted in an increase in electronic
conductance (Figure 7), which is the response pattern commonly found for perovskite oxides (p-type
materials) when an interaction with oxidizing gases, including molecular O, takes place [39]. For
instance, the sensing response to NO and NO, for both WO3 and a series of tungstates (MeWOy,

were Me = Mg, Ca, Sr, Ba, Mn, Co, Zn) were investigated in the 450 - 500 °C temperature range [38].



The study reported that the resistance of the thin-film decreased upon exposure to both NO and NO>
and that response to NO, was about 10 times greater than for NO. A transient response upon NOy
exposure was not reported in this research account. Similarly, the physical chemical nature of the
transient response has been discussed for the interaction of NO, with CuO thin-films [35]. Because a
rise in electronic conductance often originates from an increase in the concentration of charge
carriers [19,22,24-25,28], the combined action of both temperature and chemical interaction between
gas-phase species (NOy) and the thin-film surface could have caused an increase in the
concentration of change carriers (e.g. production of oxygen vacancies and surface electrons) [35,37].
To gain insight into the chemical origin of the transient response (Figure 7), the response to
NO was monitored in absence of molecular O, using N2 as both the background and the reference
gas, Figure 8. This data, when referenced to that measured in synthetic air, also served the purpose
of determining the magnitude of the influence of changing [O2] on NO sensor response. Surface
interaction with NO in Ny resulted in an increase in the electronic conductance of the thin-film.
However, in contrast to the experiments in the presence of molecular O, (Figure 7), there was no
indication of a transient response. This result supports the chief role of molecular O, in the sensing
events responsible for the observed transient response for NO exposures ([NO] > 90 ppm) in
synthetic air at 500 °C (Figure 7). At this operating temperature (500 °C), the sensitivity factor to NO
in N2 atmosphere was Sy (NO/ N2) = 1.7 x 10° ppm™". This sensitive factor is comparable to that
estimated for NO monitoring in synthetic air S; (NO / 20% Oz in N2)=2.5 x 10 ppm™'. Even though the
delta [O;] is close to the maximum that could be expected in combustion exhaust (ie 20% vs 0%) the
S¢factors are of the same order. This close agreement in Syindicates that the low cross-sensitivity to
changing [O,] is a parameter which could, for instance, be conveniently corrected for by using the on-
board A-sensor for evaluation of [O2] with respect to calculating actual [NO].
Figure 8. Sensor response to NO exposure in N, ([NO] range from 100 to 413 ppm), T= 500 °C.

[NO] is indicated in ppm.



The response to NO in synthetic air for [NO] > 90 ppm, with the development of a transient
signal followed by the progression of the conductivity profile to a smaller and common value of o,
Figure 7 cannot be subscribed to the isolated interaction between NO, (NO + %2 O, $ NO,) and the
operating surface states because the monitoring experiments took place under steady state
conditions. In other words, constant values of [NO] and [O] with a residence time of 4 minutes does
not account for an abrupt decrease in 0. Since the gas-phase formation of NO, occurs in parallel to
the detection of NO, the effect of NO, will not occur isolated in time. Any contribution from NO, will
add to the measured conductance as it is produced. The increasing concentration of NO in the 97 -
390 ppm range (and the associated increase in [NO,] with time) does not account either for a
common value of conductance for the steady state situation under NO in synthetic air (Figure 7). The
origin of the common response to NO (steady state at 6 = 5.5 107 Q") in synthetic air could be
related to the formation of surface adducts arising from the interaction of either NO or NO, or both,

with thermally excited oxygen lattice atoms or with unstable metallic centers (e.g. -Cu®*0%)

followed with a chemical interaction with molecular O,. For instance, the formation of a layer of nitrate
adducts during NO / synthetic air exposures (e.g. Cu(NOs) ) would change the electrochemical
nature of the sensing surface. The formation of metal nitrates could cause the isolation of the
responsive layer of CuWQO,from the surrounding atmosphere leading to a loss of sensitivity (decrease
in electronic conductance). The formation of nitrate species upon interaction of metal-oxide surfaces
with NOy has been reported before for metal oxides such as ZrO, [40], Al,O3 [41], CeO [29-31], MgO
[29], SnO; [42], MoO«-SnO; [42], a- and y-Fe»O3 [43]. In particular, the presence of copper in these
phases (e.g. CuO, La,CuO4, Nd>CuOQ;4-y, Cu-containing zeolites) promotes the formation of nitrate
adducts upon interaction with NOy gases [44-47]. In the case of Cu-containing phases, the formation
of nitrates has been linked to a loss in chemical reactivity toward the catalytic decomposition of NOy
gases at high temperatures, which is consistent with the sensitivity loss observed at 500 °C [46,47].
Since metallic nitrates feature relatively low thermal stability, full decomposition of the —Cu(NO3)

adducts when NO supply ceases is expected. The decomposition of the nitrate surface adducts



should restore the initial physicochemical properties. A similar situation does not arise at 300 °C,
possibly because the formation of nitrate species at the expense of the chemical interaction of NOy
gases with unstable oxygen lattice atoms is not compensated by the available thermal energy. The
reaction sequence (Equations 8 - 15) intends to represent the chemical origin of the response to NO
in synthetic air at 500 °C and the development of a transient response. The proposed reaction step
sequence comprises reasonable chemical events within the context of the current data and the data
reported in the literature. In Equation 9, (O), represents a thermally excited oxygen lattice atom. In
Equations 9, 11 and 12, Vi represents an oxygen vacancy with trapped electrons which can further

ionize (e.g. Vo 2 V?* + 2¢7) and, in Equations 11 and 12, -Cu®*"0>

denotes a copper lattice atom
bonded to a thermally excited oxygen lattice atom. Equations 12 - 13 are proposed to account for the
transient response observed for [NO] > 90 ppm under synthetic air.

NO 2 NO* + e (8)

NO  + (O)x 2 KO, + NO* + Vo + e (9

NO + O 2 2 No + O + e (10)

NO + —Cu®0> 2 -—CuNOz + Vo (11)

NO, + -Cu®0* <« -CuNOz) + Vo (12)

~CuNOz) + %0, < —-Cu(NOs) (13)
(NO)"  + NO 2 (N0 (14)

(N2O2)* 2 (N0 + 20, (15)

The formation of N> and O, (Equation 9, 10 and 15) were considered since both species are
the main products from the catalytic decomposition of NO in metal oxide surfaces (T > 300 °C) [27].
The formation of nitrosyl adducts (NO*), which have been proposed as intermediates in the literature
[30,48], upon interaction between NO and oxygen vacancies or thermally excited lattice oxygen,
Equation 8 and 9, is consistent with the surface chemistry of semiconducting metal oxides at high

temperature. Catalytic formation of NO, at the thin-film surface at T > 500 °C is an endergonic



process and therefore is not considered in this scheme (nonetheless, NO, will be produced by the
gas-phase reaction between NO and O,). In this regard, catalytic studies of the chemistry of NO, on

MgO and CeO, surfaces have reported that (NO2)™ will not form at T > 350 °C [29]. Formation of NO

dimers (N2O.)*, Equation 14, has been implied in the catalytic decomposition of NO [32,46-50].

At 500 °C, the operation of two response regimes is also indicated by a well-defined change of
slope in the plot of & vs. [NO] at [NO] > 90 ppm (Figure 9). A higher sensitivity factor is found in the
low [NO] range; thus, the thin-film displays an enhanced response to NO for [NO] < 90 ppm. The
sensitivity factors Srat 500 °C are calculated to be 0.9 x 10° ppm™ for the higher [NO] concentration
range (90 - 390 ppm), and for the lower [NO] range (19 - 85 ppm), Sy was 2.5 x 102 ppm™. The
absence of a transient response for low NO concentrations reinforces the proposed complex
mechanism for NO detection.

Figure 9. Response factors vs. [NO] exposure ([NO] range from 19.5 to 390 ppm), T= 500 °C.

The reference gas system was synthetic air (20% O in N,). [NO] is indicated in ppm.

4. Conclusions

The use of CuWOQq thin-films deposited by PLD provides conductometric sensor protypes with
response to NO over the range of low ppm to 400ppm concentrations. The similar values of the
sensitivity factor, Sy, to NO determined under both an oxygen containing environment (20 % O in Na,
Sr(NO) =2.5x 10° ppm™) and under N, (S; (NO / Np) = 1.7 x 10° ppm™), reveal a low dependence of
response to changes in O, levels. The NO response can be calibrated to account for changing [O2] in
exhaust applications by using the on-board A sensor output signal to give the precise [O2]. This
validates the potential of CuWO, thin-films as sensing phases for NO sensor prototypes in
combustion exhaust applications. The order for the estimated sensitivity factors to NO in synthetic air
(S¢(NO) = 2.5 x 10° ppm™, equivalent to 2.5 x 10° atm™) and to O in N5 (S7(O5) = 0.85 atm™) also
corroborate the enhanced response to NO species that the CuWO, phase displays. The CuWOQ; thin-

films displayed satisfactory mechanical and thermal endurance. The thermal stability and consistency



of the conductance values with temperature reveal the potential of CuWQ, thin-films for high-
temperature NO monitoring applications. This material showed satisfactory response reproducibility
with both temperature and gas-phase analyte. The latter feature indicates that the NO sensing
mechanism comprises reversible and temperature-dependent chemical interactions. The opposite
response pattern observed for NO detection at 500 °C with respect to the response at 300 °C
indicates that surface states play a fundamental role in the detection mechanism of the gas-phase
species. At 500 °C. there are two ranges of [NO] (i.e. below and above ~ 90ppm) which define
regions of differing sensitivity to NO, and are indicative of changing mechanistic drivers.

The higher sensitivity to NO observed for the lower [NO] range at 500 °C indicates the possible
use of CuWOy, thin-films for NO monitoring in the ppm and possibly into the ppb concentration range.
An operating temperature of 500 °C is more appropriate for NO sensing in engine exhaust
applications.
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