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Abstract

Sodium oxide (Na,O) activity in NT6-TiO, was measured using the EMF method
with test electrode Pt,Na,TizO,3+TiO4(NT6-TiO,). NASICON (Na,Zr,Si,PO,,)
was used as the solid electrolyte in conjuction with a biphasic mixture of alpha alu-
mina and sodium beta alumina Al,O,, Na,0.xAl,O4 (8.5 < x < 11) as the reference
electrode and measurements taken over the temperature range of 803 < 7' < 1000
K. Internal consistency of the cell was ensured by approaching the equilibration
target temperature from both sides, during cooling and heating. EMF measure-
ments showed linear dependency with temperature in the temperature range under
study. The activity of Na,O in NT6-TiO, in the temperature range under study
was determined. This was found to be log aNa,0(NT6-Ti0,) = 1.20 — % This data
is important in the determination of theoretical EMF for the calibration electro-
chemical sensors employing NT6-TiO,, electrode. Furthermore, it was found that,

Na,O(NT6-TiO,) > (Na,O(NASICON) indicating chemical stability when in contact with

NASICON at higher temperatures.
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1. Introduction

For high temperature applications, sodium metal oxide (Na-M-O) ternary systems
are most probable materials for reference electrodes in solid-state potentiometric
gas sensors[l, 2, 3, 4]. To ascertain for phase constitution constancy in a binary
mixture, determination of the thermodynamic stability of the heterogeneous phase
equilibria is often compulsory. Whilst calorimetric measurements can accurately
give information on enthalpies, the electrochemical method is considered as the most
accurate method as far as the determination of partial Gibbs energy is concerned|5,
6, 7, 8, 9]. Measurement of surface energy and entropy of nano sized anatase using

EMF method has also been reported|[8].

Thermodynamic data on NT6-TiO, system, that is, ana,o in NT6-TiO, is vital
for assessing its compatibility and stability against a variety of solid electrolytes in

solid-state electrochemical cells working at high temperatures.

The electrochemical determination of the thermodynamic stability of the hetero-
geneous phase equilibria comprising sodium containing compounds therefore and
usually dependent on the determination of the sodium (or sodium oxide) activity
of these phase mixtures[10] is commonly accomplished by means of potentiometric
measurements on galvanic cells using a sodium ion conductor such as sodium beta

alumina (NBA) or NASICON.



20

25

30

35

40

Although there are few investigations already reported in literature employing calorimetry[11,

12] and the EMF method[10, 12] the magnitude of scatter of the thermodynamic
data makes another independent investigation necessary[13]. In addition, although
the Gibbs energies have been reported[14], the temperature dependence of the ac-
tivity of sodium oxide (aNazo) in the biphasic mixture which is needed for accurate

characterisation of potentiometric gas sensor operations, is yet not reported.

The purpose of this study therefore is to measure the activity of Na,O in the NT6-
TiO, system as a function of temperature, using a solid-state EMF technique with
NASICON as the solid electrolyte. Among other uses this data is desirable for the
calculation of the theoretical EMF and interpretation of the measured EMF of CO,

sensors[15] employing NT6-TiO, as reference electrodes.

2. Experimental Methods

2.1. Materials

In this investigation, NASICON (z ~ 2), developed in our laboratory[16] was used
as a solid electrolyte for the galvanic cell. The powder was then pressed into a pellet
uniaxially using a load of 5 tonne and then isostatically pressed to a pressure of 300
MPa. The pellet was then sintered at 1423 K for 6 h. Sintering of pellet was done
on alumina tiles. Firstly, powder of the same material was placed on the tile to
act as sacrificial material to prevent any potential reaction between NASICON and
alumina. The pellet was then placed on top of the sacrificial powder, then covered

completely with the powder of same composition and finally the whole material
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(powder and pellet) were covered with an alumina lid. This was also to prevent any

volatisation of Na,O and P,O which easily occurs at high temperatures[4, 17].

The reference electrode was a biphasic mixture of a - Al,O4(Sigma Aldrich, 99.7 %)
and Na - § - Al,O4 denoted in this research as (a + § - Al,O4 or simply « + 3 in
the calculations). It was used because the sodium oxide activity in this mixture is

well known [9, 18] and recently critically assessed by Spear and Allendorf [19].

The biphasic mixture was synthesised by mechanical mixing through a 12 h ball
milling of 7-Al,04 and Na,CO4(Acros Organics, >99.6 %). Firstly, Na,CO, was
dried in a convectional oven at 423 K to remove any moisture. It was then weighed
and stoichiometric amounts of the two precursors were mixed. The amounts mixed
was corresponding to Na,O : £Al,O4 where z = 9.5. The mixture was then calcined
at 1543 K for 5 h. The product was then reground in an agate mortar, and XRD
confirmed formation of the sodium beta alumina. Further, about 11.8 wt% of a-
Al,O4 was then added to form the biphasic mixture. A 5 tonne load was used to
press the pellet after which it was sintered at 1873 K for 15 h. The pellet was
not very well sintered but could be used as electrode nevertheless as long as the

electrolyte was well sintered.

NT6 was synthesised by mixing appropriate amounts of Na,CO, and TiO,(Sigma
Adrich, > 99.5%, 21 nm particle size) and milled for 12 h. The phase was obtained
by calcining in air at 1223 K for ca 5 h. XRD analysis confirmed the phase. The
biphasic mixture was obtained by mixing 6:1 molar ratio of NT6 and TiO,. The
mixture (NT6-TiO,) was milled overnight. The slurry was then dried and the powder

pelletised. The pellets were then sintered at 1323 K for ca 2 h.
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Platinum ink was used for electroding. After the ink was painted as illustrated in
Figure 1, it was dried at 343 K for 30 minutes. It was then fired for a further 30

minutes at 1123 K.

For phase analysis of the samples before and after the measurements, XRD was

performed using the P’Analytical X’Pert MPD (using Cu K, radiation).

2.2. Measurement cell set-up

The pellet based cell was connected according to the notation in (1)

(—=)Pt,NT6 — TiO,|NASICON|(a + ) — AL, O4, Pt(+) (1)

The polarity of the electrodes is indicated in the parentheses

Figure 1 shows the cell arrangement and the measurement rig. Platinum was used
both as contact and leads. On one side of the pellet, platinum was fully painted
while on the other side which would interface with the electrolyte pellet, thin strips
of platinum were painted and then connected to the outer coated side. This was to
ensure that the leads were directly connected to where the electrode reactions were
actually taking place, at the interface between the electrode and the solid electrolyte.
This is shown in Figure la. The measurement rig is shown in Figure 1b. The cell
is sandwiched with two Pt-wire gauzes on either sides and then spring loaded to
hold it in place in a quartz rig. The rig was inserted in the Faraday cage within a

horizontal tube furnace. This was to shield from any induced Faraday EMFs.
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Figure 1: Measurement setup of the galvanic cell including the rig. For the electrode pellets, one of
the parallel sides was coated while the other side in contact with the electrolyte was just partially
coated with strips of platinum.

2.8. Measurements

The EMF of the solid cell was measured as a function of temperature in the range
of interest 803 < T' < 1000 K using a high impedance Keithley 6517A electrometer.
The cell electrodes were connected to the Keithley electrometer which digitized the
data and LabVIEW installed on the computer ensured real time data capture and
display. A K-type thermocouple was placed close to the sample to ensure real time

temperature measurement.

EMF reproducibility and internal consistency was checked by approaching the target
temperature from higher and lower values. The first measurement point was at 1000
K and then decreased with a step of ca. 50 K. The equilibration time during the
cooling run was 12 h while in the second cycle of measurement in the heating run,
the equilibration time was 6 h. Starting measurements from the higher values is
in fact advantageous as it rules out any irreversible reaction which would affect the

EMF during heating.
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2.4. Theoretical Considerations

Electrode conductivity has a role in the kinetics of the reactions at the interface as
well as the transfer of charge carriers within the system of phases(electrodes and
electrolyte). This results in a difference between electrical and chemical potential of
the charge carriers within the phases in contact. With regard to electro-conductivity
of the electrodes, NT6-TiO, is a mixed conductor (ion + p-type) with activation
energy of about 0.9 eV [20], while there is scanty information in literature on the
conductivity of the biphasic mixture of a+3-Al;O3. However, a single phase Na-(-
Al,Og3 is highly conductive with activation energy ranging from 0.12 to 0.27 eV [21].
But this conductivity is obviously damped down by the presence of alumina in the
biphasic mixture.

According to Nafe[22], the electronic conductivity in Na-3-AlyOj is very prominent
in high and pure oxygen environment which can affect the stability of the cell as well
as warranting the Nernstian law invalid. However, and importantly, in this research,
electronic conductivity should not affect the activity of Na,O in either a+3-Al,O3
or NT6-TiO, according to the phase diagram of Na,O-Al,O5 and Na,O-TiO, binary
systems[23] as they are two phase equilibrium mixtures and would therefore act as a
buffer to maintain constant thermodynamic activity of Na,O in both the mixtures.
Hence the results in this paper can be relied up and the use of the Nernstian law

applied is valid.

The anodic reaction at the NASICON /NT6-TiO, in the galvanic cell shown in (1)



is given by

1
Na,O(NT6 — TiO,) — 2Na™ + 2e + 502 (2)

The Na® ions migrate through the NASICON/a + 3—Al,0, interface where they

react with oxygen in the cathodic reaction as

2Na* +2¢ 4+ 10, = NaO(ar + ). (3)

Because the oxygen gas (POZ) atmosphere is common to both electrodes of the cell,

120 the net cell reaction from (2) and (3) is

Na,O(NT6 — TiO,) — Na,O(a + f). (4)

also equivalent to the overall virtual cell reaction

The EMF generated due to the electrode reactions is related to the Gibb’s free

8



energy or activity as

- o(RE
AG — —2FE — RT1n “e20lE)

aNaQO(WE) <6)

at constant temperature, where z and F' are the electrons transfered and Faradays
constant (96485 C/mol) respectively. The acronyms RE and WE denote Reference

Electrode and Working Electrode respectively.

3. Results and Discussions

The variation in EMF of the cell with time and temperature is shown in Figures
2a and 2b respectively. Figure 2b is the average of heating and cooling runs. The
temperature of interest is the high temperature (HT) range (755 < T' < 1073 (K)).
Low temperature range is discarded because of the associated resistivity interference

between the electrodes and the instrument.
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(a) Typical equilibration of the cell during EMF (b) EMF as a function of temperature. The high
measurements. temperature(HT) range is the range of interest.

Figure 2: EMF measurements of the cell: NT6-TiO, | NASICON | o + 8 which includes heating
and cooling runs.



Based on the linear regression analysis, the measured EMF is given by Equation (7)

E(mV) = (93.27 + 2.12) — (0.00545 + 0.00239)T". (7)
In order to obtain the sodium oxide activity in the two phase mixture of NT6 and

TiO,, Equation (6) is employed and rearranging it gives the relationship

2EF
RT

In (Na,O(NT6-TiO,) = +In (Na,O(a+8) (8)

The only unknown in Equation (8) is the sodium oxide activity in the biphasic
mixture NT6-TiO, since the sodium oxide activity in the reference electrode a-
AL, O4 + Na-f-Al, 04 denoted as Na,O(a + f3) is known from earlier measurements

by Jacob et al. [18] and is given by

10g aNa,0(a+8) = { 1.255 — X148 for 798 < T < 980(K) (9)

Note that this temperature range is within our measured range and based on the
data presented by Spear [19] on the activity of Na,O in a+3-AlyO3, the extrapola-

tion of the data outside the temperature range range is also acceptable.

Combining Equations (7), (8) and (9) gives

log ana,o(nT6-Ti0,) = { 1.20 — 321 for 803 < T < 1000(K) (10)

Figure 3a is the sodium oxide activity in NT6-TiO, according to the relation in

10
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NT6-TiO,, NASICON [24] and « + [-alumina [18] as a function of reciprocal of

absolute temperature.
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(a) Activity of Na,O in NT6-TiO, vs tem- (b) Comparison of sodium oxide in NT6-
perature TiO, with that in NASICON and a +

Figure 3: Variation of activity of sodium oxide in NT6-TiO, as a function of temperature. It is
higher than that in NASICON and « + 8 confirming its stability.

It can be seen that log (Na,O(NT6—TiO,) 85 & function of temperature is higher than
that of NASICON and the biphasic mixture of a-alumina and sodium beta alumina.
This implies that it is more thermodynamically stable when in contact with any of
these materials, which is essential in obtaining reliable thermodynamic equilibrium

data.

Furthermore, it also implies that at any fixed temperature, the decrease in con-
centration of Na,O in the working electrode corresponds to the decrease in Na,O
activity, leading to a corresponding decrease in cell EMF because the gradient of
the chemical potential of Na,O across the NASICON decreases[25]. The stability of
working electrode composition was also confirmed by examining the sample using

XRD before and after the high temperature thermodynamic measurements. This is

11
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shown in Figure 4.
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Figure 4: NT6-TiO, before and after the EMF measurements. The side analysed was one that
was in contact with NASICON pellet.

Generally, all electrochemical cells have a concentration gradient of conducting
species across the solid electrolyte. A semi-permeability flux of the conduction
ions can result when there is a large chemical potential gradient resulting in mass
transport across the electrolyte from one electrode to another subsequently resulting
in a small composition change in the electrode and electrolyte interface. However,
in this research, the cell is buffered by the presence of the two phase mixture in the

reference and working electrode.

On the basis of Equation (10), the relative chemical potential of sodium oxide in the

phase mixture NT6 - TiOy (Ap = RT Inana,o0) is also the standard Gibbs energy

12



of formation from the component oxides according to the reaction ,

Na,O(s) + 6TiO,(s) — NaTizO,4(s) (11)

which yields

AGS rq(J/mol) = { —252,952.80 + 22.98T for 803 < T < 1000(K) (12)

Table 1 is a comparison of the Gibbs energies of formation in this investigation with

literature values for the reaction (11).
Table 1: Thermodynamic data for Na,O(s) + 6TiO4(s)— NaTigO;4(s)

AG%(J/mol)  AG%(J/mol) % diff.

T/K
Ferrante [11] This study
700 -252,124 -236,866 6.1
800 -255,186 -234,568 8.1
900 -256,743 -232,270 9.5
1000 -258,149 -229,972 10.9
1100 -259,387 -227,674 12.3

o The values are in reasonable agreement with literature from Ferrante [11] for the

Gibbs energy of formation calculated using his experimental data and supplemen-

13
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tary data, SSg, AHSgs obtained from Stuve [26] and Bennington and Brown [27]

respectively.

4. Conclusions

The standard Gibb’s free energy of formation of NT6 from component oxides (or

sodium oxide chemical potential change) for the working electrode cell reaction

Na,O + 6TiO, — NaTizO,5 was found to be

AGT ol /mol) = { —252,052 + 22.98T for 803 < T(K) < 1000

whilst the activity of sodium oxide in the biphasic NT6-TiO, system determined as

log ana,0(NT6-TiIO,) = { 1.20 — 21 for 803 < T < 1000(K)
Contrary to the findings by Amin [10] for the possible NT6/electrolyte reactions
which hindered the thermodynamic equilibrium in his findings, the present study
has shown that actually NASICON and sodium beta alumina have much lower
Na,O activity than that in NT6-TiO,, electrodes indicating good stability when in
contact with each other. Furthermore, XRD conducted before and after the EMF
measurements showed no change in the phases confirming the stability of NT6-TiO,

phase assemblage between 803 - 1000 (K) .

14
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