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An oxygen sensor based on copper „I…-conducting CuTi 2„PO4…3
glass ceramics

Kousuke Yamamoto,a) Toshihiro Kasuga, and Masayuki Nogamib)

Department of Materials Science and Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku,
Nagoya 466-8555, Japan

~Received 26 May 1998; accepted for publication 29 September 1998!

An electrochemical device for sensing oxygen at low temperature, e.g., 100 °C, was developed by
using fast Cu1-conducting ceramics. As the solid electrolyte, a dense glass ceramic consisting
of crystalline CuTi2~PO4)3 and Cu3(PO4)2 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 fast Cu1 ion
conductivity and the redox reaction between Cu1 ion in the dense glass ceramic and oxygen gas.
© 1998 American Institute of Physics.@S0003-6951~98!02048-8#
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Zirconia ceramics stabilized with Y2O3 and CaO show
high oxygen ion conductivities and are widely used as o
gen gas sensors in the field of automobiles, environme
securities, and chemical plants.1 When gases with differen
partial oxygen pressures are introduced into each elect
compartment of the zirconia electrolyte, an oxygen conc
tration cell is constructed and gives rise to an electromo
force ~EMF! between the electrodes of the cell.2 Taking into
account the temperature dependence of the conductivity
practice, these zirconia sensors should be operated at
peratures above 700 °C. Sensors operating at low temp
tures with durability against oxygen attack, if develope
could possibly have their practical extended application
yond the limitations of stabilized zirconia. Here, we demo
strate a new type of oxygen sensor based on a Cu1 conductor
at low temperatures, viz. 100 °C. Our ideas are based on
utilization of copper ions with high conductivities and hig
redox activities for oxygen gas. As charge carriers, it is i
portant to choose cations which react with oxygen gas
electrodes to form oxides with an activated barrier as low
possible. Among some cations exhibiting higher conduct
ties in solids such as Li1, Na1, Cu1, and Ag1,3,4 copper
ions are promising because of their low Gibbs free energy
the formations of CuO~2130 kJ/mol! and Cu2O ~2146
kJ/mol!.5 For the application of the Cu1 ion conductors as
the solid electrolyte, conductivities higher than 1027 S cm21

at operating temperature are required. To date, howe
there is no report on Cu1 ion conductors except for a
NASICON- ~Na1 superionic conducting structure! type cop-
per phosphate. The NASICON-type CuTi2(PO4)3 crystal ex-
hibits a high conductivity of 9.031024 S cm21 at 300 °C3

and an excellent durability against oxygen gas attack,6 which
is ideal for the copper conductors. However, no one has
ceeded in the preparation of the dense CuTi2(PO4)3 ceramics
because of the inefficiency in the sinterability of the po
ders. We have been conducting numerous studies on
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preparation of glass ceramics and porous materials con
ing NASICON-type crystals using the glass-to-crystallizati
method, and recently succeeded in preparing porous g
ceramics with a skeleton of NASICON-type crystals.7,8 In
this letter, we report the Cu1 ions conductivities of the
NASICON-type CuTi2(PO4)3 crystal-precipitated glass ce
ramics and the oxygen gas sensing properties of the obta
glass ceramics.

A nominal composition of 50CuO•20TiO2•30P2O5

~mol %! was prepared by melting reagent grade CuO, TiO2,
and H3PO4 ~liquid; 85%! at 1250 °C for 1 h in analumina
crucible in air. The melt was poured onto a stainless s
plate and quickly quenched by pressing with an iron plate
a N2 atmosphere. In order to facilitate the crystallization
the glass, the resultant glass was heated at 520 °C for p
separation and nucleation of the crystal. Subsequently,
sample was heated in air at 590 °C and successively
800 °C for the crystal growth of CuTi2(PO4)3 . The resulting
dense glass ceramic had no serious cracking or deforma

Figure 1~a! shows the powder x-ray diffraction~XRD!
pattern of the sample after heat treatment. Although the X
pattern shows a slight amount ofa-Cu2P2O7 and an uniden-
tified crystal, the main phases identified were CuTi2(PO4)3

and Cu3(PO4)2 . In general, when the glass is melted at
high temperature~e.g.,.1000 °C!, the copper ions are incor
porated as monovalent ions, since Cu1 ions are thermody-
namically more stable than Cu21 at high temperature.9,10

Therefore, CuTi2~PO4)3 , in which the copper ion is monova
lent, can be directly crystallized from the base glass. T
microscopic observation of the obtained sample showe
completely dense body without pores. The microscopic
servation of the obtained sample showed a completely de
body without press. The morphology of the crystalliz
phases was examined using a scanning electron micros
~SEM!. Prior to the SEM observations, the sample was i
mersed in 0.5 N H2SO4 for 3 days at room temperature. B
this treatment, the Cu3(PO4)2 crystal was completely dis
solved, leaving behind the main CuTi2(PO4)3 phase, as is
evident from Figs. 1~b! and 1~c!. From these studies, w

concluded that both phases of CuTi2(PO4)3 and Cu3(PO4)2
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were crystallized into an interconnecting three-dimensio
network, in which the volume fraction of the Cu3(PO4)2

crystal was about 38%.
The alternating current~ac! conductivity was determined

from the Cole–Cole plot of the complex impedance us
platinum electrodes in the temperature range of 25–300 °
an argon atmosphere. The Cole–Cole plots of the freque
dependent complex impedance show a single semicircle,
the electrical conductivity can be determined from the int
secting point of the semicircle with the real axis. Figure
shows the relation between the conductivity and temperat

FIG. 1. ~a! Powder x-ray diffraction pattern of the glass ceramic obtained
heating by 800 °C.~b! and ~c! XRD pattern and SEM photograph of th
glass ceramic, respectively, after immersing in 0.5 N H2SO4 at room tem-
perature for 3 days.~d!; CuTi2~PO4)3 , ~.!; Cu3~PO4)2 , ~l!; a-Cu2P2O7,
and ~u!; unknown phase.

FIG. 2. Temperature dependence of electrical conductivity of glass cer
obtained by heating at 800 °C.
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Note that the conductivity~s! exponentially varies with re-
ciprocal temperature(T) over the measured temperatu
range;s5s0 exp(2Ea /RT), wheres0 and Ea denote the
pre-exponential term and activation energy of the cond
tion, respectively. The conductivity and the calculated a
vation energy are 431026 S cm21 at 100 °C and 0.39 eV
respectively. These values are compared to those of
CuTi2(PO4)3 crystal,6 indicating that the precipitated
CuTi2(PO4)3 crystal has conduction channels for the Cu1

ions.11 Thus, the glass-to-crystallization process is approp
ate for the preparation of fast Cu1-ion conductors of the
NASICON-type CuTi2(PO4)3 crystal.

The oxygen concentration cell was constructed using
polished sample with a 9 mmdiameter and 0.25 mm thick
ness. Both faces of the disk were covered with Pt black e
trodes. The electrode with the higher oxygen gas press
was the positive pole and the EMF generated between
electrodes was measured as a function of oxygen gas pa
pressure and time. The electrode for sensing oxygen gas
exposed to different O2– N2 gas mixtures, in which the oxy
gen partial pressure was changed from 20.9 to 80.2 vol %
a flow rate of 200 mL/min. Dried air was used as the ref
ence. Figure 3 shows a typical EMF response, measure
100 °C, upon changing the oxygen partial pressure. Note
the EMF quickly changes and reaches a steady level with
min. Similar EMF responses were observed at different te
peratures, and the response speed increased with incre
temperature. The observation of oxygen gas sensing
100 °C, to our knowledge, is the first time for the Cu1 ion-
containing NASICON-type CuTi2(PO4)3 glass ceramic. In
Fig. 4 is shown the EMF response versus the logarithm
the oxygen partial pressure at 100 °C, thus satisfying the
ear relation with a slope of 170 mV/decade.

The oxygen concentration cell gives rise to an EMF c
responding to the oxygen partial pressure and the EMF
given as follows:

E5~RT/nF!ln~PO2
8 /PO2

9 !,

wheren is the number of electrons transferred in the re
tion, PO2

is the partial pressure of oxygen in each electro
compartment, andF is Faraday’s constant. From the slope

t

ic

FIG. 3. EMF response upon changing oxygen partial pressure (PO2
8 ) to the

reference (PO2
9 520.9%), measured at 100 °C, for the NASICON-typ

CuTi2~PO4)3-precipitated glass ceramic obtained by heating at 800 °C.
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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the line in Fig. 4, the number of electrons~n! is estimated to
be 1.9. The experimental valuen51.9 is close ton52, in-
dicating that the EMF originated from the two-electron rea
tion for oxygen. Thus, we can conclude that for our gla
ceramic electrolyte, the redox reaction on the electrode
2Cu11O212e252CuO, and the high conductivity is a
tributed to the fast transfer of the ionized Cu1 ions through
the solid electrolyte.

The glass ceramics investigated here exhibited good
bility under a high oxygen concentration at high temperatu

FIG. 4. Relation between EMF and the ratio of oxygen partial press
(PO2

8 ) to the reference (PO2
9 520.9%), measured at 100 °C, for NASICON

type CuTi2(PO4)3-precipitated glass ceramic obtained by heating at 800
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which is further advantageous for practical applications. T
preparation of the sensing device working at room tempe
ture is now under investigation, together with the sensing
oxygen gas over a wide range of oxygen pressures.

In conclusion, we have successfully prepared f
Cu1-conducting NASICON-type CuTi2(PO4)3 glass ceram-
ics exhibiting excellent oxygen gas sensing even at 100 °C
is concluded that the EMF is attributed to the redox react
of the Cu1 ions through the electrolyte. These electrochem
cal cells could show great potential for use in oxygen s
sors.

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