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An oxygen sensor based on copper (l)-conducting CuTi ,(PO,)3
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An electrochemical device for sensing oxygen at low temperature, e.g., 100 °C, was developed by
using fast Cii-conducting ceramics. As the solid electrolyte, a dense glass ceramic consisting
of crystalline CuTj(PO,); and Cuy(PO,), phases, which three-dimensionally interlock with
each other, has been successfully prepared by the controlled crystallization of the glass in the
Cu-Ti—P-Osystem. The electromotive force generated between the electrodes showed a good
Nernstian response to the partial pressure of oxygen even at a relatively low temperature such as
100 °C. The mechanism for oxygen sensing was discussed with regard to the fasorCu
conductivity and the redox reaction between"Can in the dense glass ceramic and oxygen gas.
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Zirconia ceramics stabilized with )0; and CaO show preparation of glass ceramics and porous materials contain-
high oxygen ion conductivities and are widely used as oxying NASICON-type crystals using the glass-to-crystallization
gen gas sensors in the field of automobiles, environmentsnethod, and recently succeeded in preparing porous glass
securities, and chemical plarfts¥hen gases with different ceramics with a skeleton of NASICON-type crystafsin
partial oxygen pressures are introduced into each electrodbis letter, we report the Cuions conductivities of the
compartment of the zirconia electrolyte, an oxygen concenNASICON-type CuTj(PQy)5 crystal-precipitated glass ce-
tration cell is constructed and gives rise to an electromotiveéamics and the oxygen gas sensing properties of the obtained
force (EMF) between the electrodes of the celfaking into  glass ceramics.
account the temperature dependence of the conductivity, in A nominal composition of 50Cu@O0TiO,-30P,05
practice, these zirconia sensors should be operated at tertimol %) was prepared by melting reagent grade CuO,,JiO
peratures above 700 °C. Sensors operating at low temperand HPO, (liquid; 85%) at 1250°C fo 1 h in analumina
tures with durability against oxygen attack, if developed,crucible in air. The melt was poured onto a stainless steel
could possibly have their practical extended application beplate and quickly quenched by pressing with an iron plate in
yond the limitations of stabilized zirconia. Here, we demon-a N, atmosphere. In order to facilitate the crystallization of
strate a new type of oxygen sensor based on ac@mductor the glass, the resultant glass was heated at 520 °C for phase
at low temperatures, viz. 100 °C. Our ideas are based on thgeparation and nucleation of the crystal. Subsequently, the
utilization of copper ions with high conductivities and high sample was heated in air at 590°C and successively at
redox activities for oxygen gas. As charge carriers, it is im-800 °C for the crystal growth of CufiPO,)3. The resulting
portant to choose cations which react with oxygen gas aflense glass ceramic had no serious cracking or deformation.
electrodes to form oxides with an activated barrier as low as ~ Figure 1a) shows the powder x-ray diffractio(XRD)
possible. Among some cations exhibiting higher conductivi-pattern of the sample after heat treatment. Although the XRD
ties in solids such as [[j Na", Cu*, and Ag",®* copper pattern shows a slight amount at Cu,P,0; and an uniden-
ions are promising because of their low Gibbs free energy fofified crystal, the main phases identified were GUFD,);
the formations of CuO(—130 kJ/mo) and CyO (—146 and Cy(PQy),. In general, when the glass is melted at a
kd/mo)).® For the application of the Cuion conductors as high temperaturée.g.,>1000 °Q, the copper ions are incor-
the solid electrolyte, conductivities higher than G cm > Pporated as monovalent ions, since ‘Cions are thermody-
at operating temperature are required. To date, howeveRamically more stable than €u at high temperaturé:®
there is no report on Cuion conductors except for a Therefore, CUT(PQy)3, in which the copper ion is monova-
NASICON- (Na* superionic conducting structurgype cop-  lent, can be directly crystallized from the base glass. The
per phosphate. The NASICON-type CWRO,); crystal ex- ~ Microscopic observation of the obtained sample showed a
hibits a high conductivity of 9.810 4Scmt at 300°¢  completely dense body without pores. The microscopic ob-
and an excellent durability against oxygen gas atfaskjch servatiqn of the obtained sample showed a completely Qense
is ideal for the copper conductors. However, no one has sud0dy without press. The morphology of the crystallized

ceeded in the preparation of the dense G{A®;); ceramics Phases was examined using a scanning electron microscope
because of the inefficiency in the sinterability of the pow-(SEM). Prior to the SEM observations, the sample was im-

ders. We have been conducting numerous studies on tHgeérsed in 0.5 N B0, for 3 days at room temperature. By
this treatment, the GUPQO,), crystal was completely dis-

solved, leaving behind the main Cy{PQO,); phase, as is
evident from Figs. (b) and Xc). From these studies, we
concluded that both phases of C(RQ,); and Cy(PQy),
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FIG. 3. EMF response upon changing oxygen partial pres%@ (to the
reference %2: 20.9%), measured at 100 °C, for the NASICON-type
CuTi,(PO,)s-precipitated glass ceramic obtained by heating at 800 °C.

Note that the conductivityo) exponentially varies with re-
- 2'5 3'0 35 ciprocal temperaturgT) over the measured temperature
: . range;o=ogexp(—E,/RT), whereo, and E, denote the
Diffraction Angle, 26 / degree (Cu Ka) pre-exponential term and activation energy of the conduc-
FIG. 1. (a) Powder x-ray diffraction pattern of the glass ceramic obtained attlor?’ respectively. The EondUCEIVIty and the calculated acti-
heating by 800 °C(b) and (c) XRD pattern and SEM photograph of the Vation energy are % 10 ®Scmt at 100°C and 0.39 eV,
glass ceramic, respectively, after immersing in 0.5 p66, at room tem-  respectively. These values are compared to those of the
perature for 3 days®); CuTi(PO)s, (V); Cl(PQy),, (#); a-CwP0Or  CuTiy(PQ,); crystal® indicating that the precipitated
and(u); unknown phase. CuTiy(PQy)5 crystal has conduction channels for the "Cu
2 4) 3
ions!! Thus, the glass-to-crystallization process is appropri-
were crystallized into an interconnecting three-dimensionafite for the preparation of fast Ction conductors of the
network, in which the volume fraction of the gRPQOy), NASICON-type CuTj(PQy)5 crystal.
crystal was about 38%. The oxygen concentration cell was constructed using the
The alternating currer{ag conductivity was determined polished sample wit a 9 mmdiameter and 0.25 mm thick-
from the Cole—Cole plot of the complex impedance usingness. Both faces of the disk were covered with Pt black elec-
platinum electrodes in the temperature range of 25—-300 °C itrodes. The electrode with the higher oxygen gas pressure
an argon atmosphere. The Cole—Cole plots of the frequencyvas the positive pole and the EMF generated between the
dependent complex impedance show a single semicircle, arglectrodes was measured as a function of oxygen gas partial
the electrical conductivity can be determined from the inter-pressure and time. The electrode for sensing oxygen gas was
secting point of the semicircle with the real axis. Figure 2exposed to different ©-N, gas mixtures, in which the oxy-
shows the relation between the conductivity and temperatureglen partial pressure was changed from 20.9 to 80.2 vol % at
a flow rate of 200 mL/min. Dried air was used as the refer-
. ence. Figure 3 shows a typical EMF response, measured at
Temperature / "C 100 °C, upon changing the oxygen partial pressure. Note that
3 390 200 190 25 the EMF quickly changes and reaches a steady level within 3
min. Similar EMF responses were observed at different tem-
peratures, and the response speed increased with increasing
temperature. The observation of oxygen gas sensing at
100 °C, to our knowledge, is the first time for the Cion-
containing NASICON-type Cul{PO,); glass ceramic. In
5 Ea = 0.39 eV Fig. 4 is shown the EMF response versus the logarithm of
~r the oxygen partial pressure at 100 °C, thus satisfying the lin-
ear relation with a slope of 170 mV/decade.
The oxygen concentration cell gives rise to an EMF cor-
B[ responding to the oxygen partial pressure and the EMF is
given as follows:

Log {o/ Scm™'}

- . L ' L E=(RT/nF)In(P5/PYS.),
"6 20 24 28 32 (RT/NF)In(Po/Po)
103X T /K wheren is the number of electrons transferred in the reac-
FIG. 2. Temperature dependence of electrical conductivity of glass ceramiyon’ POz is the partial pressure of oxygen in each electrode

obtained by heating at 800 °C. compartment, ané is Faraday’s constant. From the slope of
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which is further advantageous for practical applications. The
preparation of the sensing device working at room tempera-
ture is now under investigation, together with the sensing of
oxygen gas over a wide range of oxygen pressures.

In conclusion, we have successfully prepared fast
Cu*-conducting NASICON-type Cu}iPQ,); glass ceram-
ics exhibiting excellent oxygen gas sensing even at 100 °C. It
is concluded that the EMF is attributed to the redox reaction
of the Cu' ions through the electrolyte. These electrochemi-
cal cells could show great potential for use in oxygen sen-
sors.

The authors thank Dr. S. Tamil Selvan for critical review
of the manuscript.

FIG. 4. Relation between EMF and the ratio of oxygen partial pressure

(P(’)Z) to the referenceR’(’)2= 20.9%), measured at 100 °C, for NASICON-
type CuTy(PO,);-precipitated glass ceramic obtained by heating at 800

the line in Fig. 4, the number of electrofry is estimated to
be 1.9. The experimental value=1.9 is close tn=2, in-
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