Sensors 2008, 8, 4774-4785; DOI: 10.3390/s8084774

SENS0r'S

| SSN 1424-8220
www.mdpi.org/sensors
Article

CO, Selective Potentiometric Sensor in Thick-film Technology

Kathy Sahner **, Anne Schulz *, Jaroslaw Kita *, Rotraut Merkle 2, Joachim Maier  and
Ralf Moos*

1 Functional Materials Laboratory, University aiyBeuth, 95440 Bayreuth, Germany
2 Max-Planck-Institut fur Festkorperforschung, t&art, Germany

* Author to whom correspondence should be addregsédail: Functional.Materials@Uni-
Bayreuth.de (K. Sahner); Tel.: +49-921-557401; Red9-921-557405

Received: 2 July 2008; in revised form: 8 August 2008 / Accepted: 8 August 2008 /
Published: 19 August 2008

Abstract: A potentiometric sensor device based on screengorifNasicon films was
investigated. In order to transfer the promisingssee concept of an open sodium titanate
reference to thick film technology, “sodium-richhié “sodium-poor” formulations were
compared. While the *“sodium-rich” composition wasurid to react with the ion
conducting Nasicon during thermal treatment, thedism-poor” reference mixture was
identified as an appropriate reference compositieecreen-printed sensor devices were
prepared and tested with respect to,@&3ponse, reproducibility, and cross-interferenfce
oxygen. Excellent agreement with the theory wasentesl. With the integration of a
screen-printed heater, sensor elements were ogexetigely heated in a cold gas stream.

Keywords: lon conductor, solid-state reference, electrochahsensor.

1. Introduction

Due to its strong impact as a greenhouse gas, armgtof CQ emissions has become crucial.
Although optical detection of CQusing infrared radiation is very exact, a moret-&ffective method
capable of also working in harsh and dirty envirents is needed. To meet these requirements, several
potentiometric sensor devices based on electrodaticells with sodium conducting solid electrolytes
such agB”-Al ;03 or Na+Zr2PsSixO12 (Nasicon, 0< x < 3) have been investigated (for a detailed
review, cf. [1]). Corresponding to a “type llI” eigochemical gas sensor [2], these sensor devitgs r
on the presence of an auxiliary phase such as modiubarium carbonate, which is deposited at the
working electrode and interacts with €@s the counter or reference electrode, gold atimim are
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often used. Despite their frequent use, it hasetermphasized that such pure metal electrodes are no
able to provide a thermodynamically well-define@etical potential of sodium.

In many of these electrochemical cells, the elégeanaterial forms a thin ceramic pellet or tuBe [

- 8]. More recently, sensor designs based on sgrgeted or dip-coated ion-conducting films have
been reported [9 -14].

As a major drawback, the devices relymdy on a carbonate auxiliary phase exhibit a pronounced
cross-sensitivity towards oxygen, poor reproduitipbbetween single sensor elements, and poor long-
term stability. As an alternative approach, sodiditanate (NaTigO13/NaTizO;) or sodium
titanate/titania (NaligO15/TiO2) mixtures were proposed as a reference system [14. These two
phase mixture systems provided a thermodynamiocatyl-defined signal based on an oxygen-
independent overall reaction as shown below.

sensing electrode: MNaO; - 2Nd +CO,+05Q+2¢€

reference 1.: 2 Na NaTigO13+0.5Q +2 € « 2 NagTizO (1)
overall reaction: NELO; + NgpTigO13 « CO, + 2 NaTiz0y

or reference 2: 2Na6TiO,+05Q+2¢€ « NaTigO13 (2)
overall reaction: N&O3;+ 6 TIO, o CO, + NgTigO13

As derived in detail in [15], the resulting electrotive forceemf of these cells is related to the
chemical potential difference of the sodium ionthatelectrodes according to Eq. 3.

reference carbonate )

emf = 1 (/,1 - U
F Na* Na* (3)
whereF denotes the Faraday constant, Al is the chemical potential of the sodium ions at the
reference and the working electrode, respectively.

reference carbonate

Since both*na’ and #na’ are well-defined within this set-up, tleenf of these cells was
shown to depend solely on the carbon dioxide partessurgpCO, and on the operating temperature
T of the device [15]. As a consequence, simultandmusvledge of the sensor temperature and the
geometry-independent parameger enables one to precisely determp@O,. The fact that themf is
defined thermodynamically also implies the absaideng-term drift effects.

Since the cells discussed in [15] were prepareah fioalky ceramic pellets, their usefulness in real-
world applications was limited. In particular, hogemeous heating of such cells can only be achieved
in a furnace, and the integration of a temperagaresor to precisely monitor the operating tempegatu
is not straight-forward. It is therefore highly dable to transfer the present promising sensoceph
to thick-film technology, which provides a basisr fminiaturization and integration of further
functionalities such as heater and temperatureosavith a single sensor chip.

In this contribution, we report results obtained long-term stable COsensors with a sodium
titanate reference prepared entirely via a costesiffe screen-printing technique. In a detaileaitu
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the most appropriate reference system was idethtifireaddition to the basic sensor characteristics,
devices were tested with respect to cross-intaréeref oxygen and long-term stability.

2. Experimental

2.1 Precursor preparation

All ceramic precursor powders were prepared byraventional mixed-oxide route. To obtain the
Nasicon composition NaZrPs;xSikO12 with x = 2.2, NaCO; (Merck), NHH.PO, (VWR), SiG,
(VWR), and ZrQ (AlfaAesar) were mixed in stoichiometric amountsa ball mill and calcined at
1050 °C for 12 h.

In the case of theodium titanate compositions NaTigO13 and NaTizO;, N&CO;s (p.a., VWR) and
TiO; (anatase, Sigma Aldrich) served as precursorscotresponding N&Os/TiO, powder mixtures
(molar ratio 1:3 and 1:6, respectively) were mixed4 h in a ball mill and then calcined at 900f€
6 h.

Figure 1 presents the XRD patterns of the as-peepliasicon, Nai30;, and NaTigO,3 powders
(Philips PW 3710, Cu-K radiation, Bragg-Brentano geometry). While bothdism titanate
compositions were found to be phase-pure, someritgpaeaks attributed to ZrO(symbol ¢) and
NaZrSi;O; (symbolo) were observed within the Nasicon.

Figure 1. X-ray diffractograms of the as-prepared;Ng0O;, NaTisO13 and Nasicon
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Na,Ti,O
]
5 y L’L.._.-AJL._.# ! “ MJLMM*UKLAJML_J\J
; Na,Ti,O, d

-
LJ\_J!lL A .A_JUUL/WLJ] L'ut Arrnd LM”.ML VN WY

T .
LFL__A,J JI Vi U !UW v MuAN M A

10 15 20 25 30 35 40 45 50 55 80

Two reference compositions were tested in the present study. The “sodiunt-rieference consisted
of a NaTigO19/NaTizO; (molar ratio: 1:1) mixture, while the “sodium-poadmposition was formed
by mixing NaTisO13 and TiQ powder with a molar ratio of 1:1.
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An eutectic mixture of N&£Oy/BaCQ; with a molar ratio of 1.72:1 served as thexiliary
carbonate phase. Prior to mixing, both precursor powders [R&; (p.a., VWR) and BaC®
(Selectipur, Merck)] were dried at 450 °C. The cawdte mixture was heated at 5 K/min to 720 °C, a
temperature above the melting point. The melt veiseved from the furnace and quenched onto a
brass plate. The as-obtained material was grouadhortar.

In order to prepare screen-printable pastes, eattte@s-prepared powders was sieved (< 200 um)
and mixed with a thixotropic organic binder to foanmomogeneous paste.

2.2 Sensor preparation

The sensor set-up is shown diagrammatically in fleéigs On top of a bare alumina substrate, a
Nasicon layer was screen-printed and fired at 2@56r 5 h. Then, either the NE 307/ NaTigO13 Or
the NaTisO13/TiO, reference was printed on one side of the Nasidonand fired at 950 °C for 5 h.
Two gold grid electrodes were printed accordingrigure 2 (firing at 850 °C). Finally, the sensitive
NaCOs/BaCQ; mixture was painted on top of one gold grid andalt leeated at 600 °C.

Figure 2. Diagrammatical representation of the sensor crestsos.
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2.3. XRD study

In order to study compatibility between the refematerials and the solid electrolyte, XRD
studies were conducted in thérange from 10 ° to 90 °. Two samples were prapagemixing either
0.75 g NaTizO; with 1 g Nasicon or 0.6 g MaigO;3 with 1 g Nasicon, respectively. While one part of
these mixtures was studied directly by XRD, ond pas heat-treated at 950 °C for 5 h using the
sintering profile of the reference thick films.

2.4 Sensor tests

For tests of the sensor performance, a custom-besidbench similar to the one described in [18]
for hydrocarbon sensing was used. The sensors iwseeted into a tube furnace and heated to their
operating temperature either with the furnace tively via the platinum heater (see below). Thealtot
gas flow was adjusted to 200 sccm/min with drysarving as the carrier gas. The carbon dioxide
partial pressure was varied in the range of 0.4rrtbd5 mbar by diluting pure GQas with dry air
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using mass flow controllers. The actual £€bncentration was monitored by an FTIR (Antaris,
ThermoElectron) located downstream the sensor cbarnitheemf output of the sensor element was
monitored using a digital multimeter (Keithley 2300

3. Results and Discussion

3.1 Sodium-rich reference

In an initial test series, sensor samples with thedium-rich reference composition
NaTiz07/NaxTigO13 were measured. In Figure 3, tref trace at 500 °C upon G@xposure is shown
exemplarily. The sensor device presented a staideparfectly reversible response. An additional
variation of the oxygen partial pressure from Oblb to 0.27 bar indicated no cross sensitivityhef t
sensor to this gas as expected from the literature.

Figure 3. Sensor response towarp€0, and oxygen cross-interference test at 500 °C
on a sensor device with the sodium-rich referefiag: partial pressure of the test
gasesBottom: Sensor signal.
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To evaluate the sensor performance, the semilbgaidt representatioemf = f (log(pCO,)) was
used. With the slope of this plot, the electroms$far numben of the electrochemical reaction can be
calculated according to the Nernst equation (Eqg. 4)

emf =E, _ﬂln( pCOZJ _g, _RTIn10 Iog( pCOZJ
p° pe

nF
slope (4)
with p° = 1013 mbar.
As known from the cell reactions (1) and (2), thedretical electron transfer number equals 2. With

the present sensor set up, values of 2.14 + 0odél @f 4 specimens, each measured 3 times atGpO °
and 2.12 = 0.06 (total of 4 specimens at 600 °Gewietermined.
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In spite of the promising sensor characteristit® thick film devices with the sodium-rich
reference presented a much higéref reading than expected from the thermodynamic caticuls and
experimental results on the pellet-type sensorudsed in [15]. In Figure 4, this deviation between
pellet-type sensor (open symbols) and the correlpgnthick-film device measured in the present
study (closed symbols) is presented. In this dhgetemperature-corrected form of the Nernst eqoati
(Eq. 4) was used to compare the experimental sedirkctly with the values expected from theory.

emf -E, _ —iln pCO,
T 2F

p° (4a)

The required temperature-dependent value&fpor.e. the celemf atpCO, = p° = 1013 mbar, were
taken from the literature [15].

Figure 4. Comparison between the experimental results offitick-film sensor with the
sodiume-rich reference and the results expected fhaory. For details see text.
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In a supplementary XRD study, the deviation frora theoreticabmf was attributed to a parasitic
reaction between the Nasicon electrolyte and thely@; phase. Figure 5a compares two XRD
diagrams obtained from a Nasicon/NgO; powder mixture prior (bottom) and after (top) heat
treatment at 950 °C, i.e., the sintering tempeeatiithe sodium titanate reference film. For theesaf
clarity, only the 2 range from 10° to 60° is shown. In the X-ray @fftogram of the untreated powder
mixtures, the peaks from both the Nasicon and ithedate phase were identified. In addition, some
impurity peaks were found, which were attributet®, und NaZrSi,O,. These impurities were also
present in the Nasicon precursor powder (cf. Figore

The XRD pattern after thermal treatment indicateth@rmally activated reaction between the
Nasicon and the titanate. The characteristic pedkdaTisO; (symbolo in the bottom figure) are
almost completely replaced by the sodium-poosTN®,3 phase (symbah). In addition, changes in
the Nasicon pattern are observed, e.g., the dqda& at 19° is reduced to one broadened peak. This
might be attributed to a compositional and struadtahange of the sodium ion conductor from Nasicon
to NayZr3SizO12. As an additional phase, MRO, is found (symbot).
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While the reactivity between Nasicon and,NgO; is irrelevant in the case of the separately
sintered pellets discussed in [15], it is detrinagénfior thick film layers that are heat-treated
simultaneously. During sintering of the referenlee®ode, most of the Nai;O; phase reacts with the
adjacent Nasicon layer. Due to the different pramsaposition of the reference electrode mixture its
sodium ion activity decreases. As a consequeneeertii value of the cell, which is given by the
difference of the chemical potentials of sodiunsiah each electrode (Eq. 3), is expected to inereas

Figure 5. XRD pattern of Nasicon/NaizO7 and Nasicon/Nai¢O13 powder mixtures.
(@ Nasicon/NaTizO; mixtures before (bottom) and after (top) thermahtment at
950 °C, respectively. Only some of the characteripeaks of the N&isO; are
highlighted (symbolo), which are replaced by the sodium-poor,NgDi3 phase
(symbolA) after the thermal treatment. For details see text

(b) Nasicon/NaTigO13 mixtures before (bottom) and after (top) thermahtment at
950 °C, respectively.
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3.2 Sodium-poor reference

In contrast to Na&Ti30;, XRD studies on Nasicon/MNEisO13 mixtures yielded no evidence for
parasitic reactions at 950 °C. Identical XRD paisewere observed prior and after thermal treatment
(Figure 5b; no new peaks, only some minor changegerk intensities appear). The sodium-poor
reference composition NeisO,5/TiO,was thus identified as a more promising candidatehick-film
devices.

Figure 6 exemplarily presents the sensitivity plotsa corresponding sensor element. The device
was measured several times at three temperataresnirast to the sensor devices discussed above,
the measuredmf values (symbols) were found to agree well with riégults reported in the literature
(lines). Again, Nernstian behavior with an electrtnansfer number of 1.9 was found. The
reproducibility of the measurements is remarkalol€zigure 6, one can hardly distinguish the diffdre
runs at 575 °C

Figure 6. emf Sensor characteristics of a thick-film device witie sodium-poor
reference composition. Operating temperature agcatetl. For comparison, data
reported in the literature for a pellet-like senfdds] were included.
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To ensure the reproducibility of the sensor concélptee sensor devices were prepared and
measured at various temperatures. The resultsiarmarized in Figure 7. As before (cf. Figure 4§ th
very sensitive representation:

- 0

emf —E, _ —Eln pCO,
T 2F p
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was used, in this case to emphasize the exceltgaement of the thick-film device with theory and
the data on pellet-type sensors [15].

Figure 7. Reproducibility of the thick-film sensor conceptorFcomparison, data
reported in the literature for a pellet-like sengd] were included, as well as the values
expected from theory (Eq. 4a, solid line).
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Based on these promising results, actively heagsites with the sodium-poor reference material
were prepared. For this purpose, a sensor chipghuesl on top of a screen-printed platinum heater
using ceramic paste. Silver served as a shieldiyey lto prevent voltage interferences from thedreat
The sensor was then mounted into a correspondimgplsaholder attached to a voltage source. By
monitoring the resistance of the platinum heatégrgrevious calibration, its temperature could be
controlled in the range from 100 °C to 700 °C. Agaiperating temperatures of 500 °C and 600 °C
were chosen.

Figure 8 presents the results of four consecutieasurement cycles conducted on a tiilck
sensor with the sodium-poor reference. The temperatf the device was adjusted to 575 °C and
exposed to a cold gas stream of 200 sccm/min. @heoao dioxide partial pressup€0, was varied
stepwise between 0.4 mbar and 45 mbar. The sgiet®tcur consistently between the 13.5 mbar and
the 9 mbar step are an artifact related to thedgaage system of the test bench. In order to atoess
pCO, values, the gas dosage is switched to a dilutr@mdnd back again to achieve higBO,. This
switching is accompanied by a pressure surge lgadithe observedmf spikes. The actively heated
sensor presented a stable and reproducible respshigd was insensitive to a variation in the oxyge
partial pressure from 200 mbar (20 %) @ 10 mbar (1 % &). As shown in the top part of Figure 8,
the sensor characteristics of each measuremerd cguicide. The electron transfer number calculated
from the slope of this semilogarithmic plot equale@4. For comparison, the values expected from
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theory were included in Figure 8 as a solid linkey were calculated using the Nernst equation 4fq.
with theEy value estimated from Ref. [15].

Figure 8. emf response of a thick-film device with the sodium-paeference
composition, heated to 575 °C by a screen-printatinpm heaterBottom part: emf

trace. Top part: semilogarithmic plot as a function pfCO, (values expected from
theory (Eq. 4) were included for comparison as dsdine). Total gas flow:
200 sccm/min. For details see text.
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The potentiometric sensor concept with an openusoditanate reference, which had formerly been
investigated in a ceramic pellet set-up, was swsfokbg transferred to thick-film technology. After
identifying the appropriate reference compositisareen-printed sensor devices were prepared and
tested with respect to G@esponse, reproducibility, and cross-interfereoicexygen. For the thick-
film sensors using a sodium-poor reference forniatexcellent agreement with the theory was
observed. After attaching a screen-printed heatrsor elements were operated actively in a cadd ga

stream.

Future work is directed to further miniaturizingetthick film sensor, i.e., in a hot-plate set-up as
shown in [19] and [20]. In particular, the direntagration of a heating element on one single chip

envisioned.
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