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Abstract

Impedance spectroscopy of fine grained (gi) v'-Bi,MoOg samples, in the frequency range of 0.1 Hz—250 kHz, relevant to sensor
applications, up to 80QC, has been used to characterize grain boundary and grain interior contributions to conduction. Ab@ets®0
grain boundary contribution is no longer rate limiting and conduction is dominated by the grain interior component. The corresponding
activation energies are 0.98eV for grain boundary and 0.73 eV for grain interior components. The weak dependence of conductivity on
oxygen partial pressure below 500 can be attributed to electrode—electrolyte interface phenomena, whereas the robust response to ethanol
is commensurate with changes in intrinsic ionic conductivity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lonic conductivity is comparable to that of stabilized zirco-
nia, with the advantage of lower operating temperature. Some
The often conflicting requirements for electrical transport disagreement persists on various aspects of electrical trans-
properties, depending on their intended application, is re- portin this phase, which has alternatively been deemed a pure
flected by the recent renewed attention paid to oxygen ionic ionic conductof6] or a mixed conductd®,7-12] similarly
conductors for solid oxide fuel cells, which are electrolytic to other bismuth molybdenum oxides, and motivates the
domain dependent. Pure ionic conduction is desirable for present study on the influence of conduction path, in fine
electrolytes and is favored by coarse grain size, which grained ceramics suitable for sensor or catalysis applications.
minimizes grain boundary resistance, whereas electrode ap- The use of impedance spectroscopy to characterize grain
plications require mixed ionic—electronic character and elec- boundary and grain interior contributions to electrical resis-
tronic transport, which is mediated by @xchange with the  tivity, as well as electrode interface phenomena, is well es-
gaseous phase and consequently benefits from finer texturegdablished[13,14] and has been undertaken in this work, in
In either case, low operating temperature can only be attainedthe low frequency range up to 250 kHz, relevant to sensor
at the expense of increased grain boundary resistance. applications.
The point defect structure of/-BioMoOg mediates
high intracrystalline oxygen diffusivity1,2]. Rapid defect
relaxation, in response to changes in the chemical potentialy ~ Experimental
of oxygen, promotes substantial variations in bulk resistivity,
which have drawn attention to its possible application as  gjintered BjMoOg was prepared by solid state reac-
a conductimetric sensor for reducing atmosph¢i63-5]  tion of stoichiometric mixtures of reagent grade MpO
and BpOs, ground in an agate mortar, pressed into pellets
* Corresponding author. Tel.: +54 01143430891x217; (9mm> 3mm) and heate_d in air, at 90Q for 6 h. Th_e pro- .
fax: +54 01143310129. cedure was repeated until XRD results were consistent with
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Fig. 2. Potentiostatic DG-V dependence of -Bi,MoOg, at 500°C.
Fig. 1. SEM micrograph of’-Bi2M0Og, sintered at 900C, in air.

age signals by a custom preamplifier, compensated for the

recent conventioril5]. SEM (Fig. 1) revealed an average bandwidth of interest (0.1 Hz—250 kHz). Potentiostatic DC
grain size of 1qum with characteristic prismatic habit. Final 1=V measurements=(g. 2), at 500°C, defined the maximum
density was 83% of the X-ray value (7.85 gRniiL6]. Cir- excitation permissible for ohmic behavior, at 50 mV. Isother-
cular gold electrodes, 100 nm thick with an area of 0.2cm  mal frequency sweeps (0.1 Hz—250 kHz) were undertaken at
were deposited by DC magnetron sputtering, on each face of50° increments, between 250 and 8@ The thermal depen-
the pellets. dence of DC conductivity) was monitored in the cooling
A spring loaded ceramic fixture provided sample support cycle, for this temperature range.
and platinum contacts in pseudo-four-probe configuration, as
well as thermometry with a Platinel Il thermocouple, in an air
tight cylindrical, 24 mm OD sillimanite reactor, placed in a 3. Results and discussion
Lindberg Minimite furnace. The fixture was calibrated with
standard resistors and capacitors and measurements found The DC Arrhenius plotsKig. 3a) are consistent with two
consistent with a 1% uncertainty over the range of inte- distinct regimes. At high temperatures an apparent activation
rest. Controlled atmospheres were ensured by 180min energy of 1.8eV is in evidence, whereas the corresponding
continuous flow of N—O, mixtures with independent MKS  value at low temperatures is 0.8 eV. The gradual change be-
1179A mass flow controllers. Synthetic air (21%)Qvas tween 400 and 450C can be attributed to increased ionic
adopted as the standard reference. conduction at high temperature, whereas the weak inflexion
Complex impedance was measured with an EGG Signal at 650°C appears to coincide with the¢'—y" (or y(1)—y(H))
Recovery DSP 7265 lock in amplifier, which resolved the transition[15,17] Unlike the latter, which is irreversible, the
real and imaginary current components, converted to volt- conductivity measurements are reproduced by repeated ther-
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Fig. 3. (a) Two-probe DC-temperature dependence for the conductivifi¢Bi,MoOg, at different oxygen partial pressures and (b) detail of data (a) below
550°C.
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Fig. 4. Impedance spectra §f-BioMoOs at: (a) 250°C; (b) 300 and 350C; (c) 400, 500 and 60TC; (d) 700 and 800C; (e) admittance plot at 35 to
improve resolution of Arc II.

mal cycling. DC and fixed frequency thermal scans do not dis- main [13] of Fig. 4e, and shifts to higher frequency with
criminate between the various transport contributions, henceincreasing temperature, consistently with a steeper thermal
apparent activation energies are dependent on the choice oflependence for grain boundary than for bulk resisté22p
frequency and of limited physical significance. The absence Above 500°C, this arcis no longer in evidence, because grain
of potentiostatic control in previous investigatidesl 7], to boundary conductior() exceeds grain interior conduction
ensure ohmic behavioF{g. 2), hampers comparisonwiththe  (og;), hence the real axis intercept reflects intracrystalline re-
present results. The disappearance of the slight dependencsistance. Significantly broadened impedance arcs have been
on oxygen partial pressure, apparent below BD(Fig. 3b), reported[6] at 500°C, for the low temperature-phase,
has been deemed evidence ofincreased ionic condyit8hn which requires sintering below 60C, to avoid transforma-
The influence ofpo, is more readily apparent in extrapolated tion to they’ polymorph, consistently with a juxtaposed grain
low frequency measurements which inhibit electrode pola- boundary conduction arc.
rization effects. The frequency dependence of the complex impedance was
Isothermal impedancé{g. 4 and admittance spectraare modeled with the equivalent circuit representedFig. 5
consistent with a decrease of the time constants relevant to[13,14,19] The values of grain boundary resistan@g,j, po-
the conduction processes with increasing temperature, whichlarization at grain boundarie€§p), grain interior resistance
shifts the corresponding responses to higher frequencies. (Ry) and grain interior polarizationQg) could frequently
Electrode—electrolyte interface phenomena are evidencedbe estimated graphically from the impedance or admittance
by Arc |, whereas grain boundary path conduction is rep- spectrum.Ry,, Cgn and Cy were not fitted, whenever the
resented by Arc Il and grain interior conduction, by Arc Ill  frequency range surveyed proved insufficiéieble 1sum-
(Fig. 4b)[14,19] Electrode polarization effects are attenuated marizes the results for all non-linear least squares fitted para-
by increasing temperature. At 500, the Zinag spike with meterg23]. Model spectra for the frequency response of the
Zreal (Fig. 4c), at a 48 angle, is characteristic of a diffusion
controlled Warburg impedand@0,21], which has been at- Cgi
tributed in this materidl6] to oxygen transport to or from the —
electrode. The corresponding impedance Arc | is resolved ‘_{

Cgb Cel

at 700°C and its extrapolation to the real component axis
coincides with the independently measured two probe DC AN~
resistance value. Rgi Rgb Rel
Grain boundary path conduction (Arc Il), is clearly re-
solved at low temperature particularly in the admittance do- Fig. 5. Model equivalent circuit for non-linear least squares fit.
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Fig. 7. Logarithmic plot ofy’-Bi,MoOg AC conductivity as a function of
equivalent circuit Fig. 5), calculated with graphically esti-  frequency, at500C, andpo, =1 atm @); po, =0.32 atmQ); po, =0.1atm
mated parameters, were consistent with parametric fit results. )

Arrhenius plots obrg, andoyg; (Fig. 6) are linear over the
temperature range examined. Above 500 og,>0ogi and v'-BioM0Og applicationg1,3-5]as a conductimetric sen-
the corresponding activation energies are 0.98 eV, for grain sor for reducing atmospheres rely on the increase ofionic con-
boundary, and 0.73 eV, for grain interior conduction, in agree- ductivity with oxygen vacancy concentration. For instance,
ment[22] with the general rule for oxygen ionic conduc- the conductivity change, with a 1.3% by weight of ethanol
tors. Substantially lower values (0.565<0.95) have been in Nz stimulus, at 500C (Fig. 8), measured at 10 Hz, in the
reported6] for coarser grained ceramics, sensitively depen- same pseudo-four-probe configuration used for impedance
dent on sample sintering conditions. The maximum of this spectra, is quantitatively consistent with the 47% increase
range is significantly coincident with the value found forgrain in ionic conductivity observed by impedance spectroscopy
boundary conduction. (Fig. 9), namely fromRgi = 14,2732 in Np, to Rgi = 7621Q

Below 500°C, the fixed frequency conductivity of - in N2/ethanol, which corresponds to the low frequency end of
BioM0oOg, which attenuates the strong electrode polariza- Arc Ill (Ryi), and reflects intrinsic bulk properties. Thus, the
tion phenomena prevalent in DC, is increasingly depen- response to ethanol is qualitatively as well as quantitatively
dent on the partial pressure of oxygen, which implies some different from the weak low frequency oxygen dependence
measure of electronic transport, consistent with the mixed (Fig. 7), indicative of an electronic contribution to conduc-
character often attributed to this materj2l7-12] How- tion, because the whole effect, regardless of operating fre-
ever, impedance spectroscopy at various oxygen partial presquency, can be accounted by the change in intracrystalline
sures Fig. 7) suggests that such behavior is confined to the ionic conduction R‘il), discriminated by impedance spec-
electrode—electrolyte interface, because the intracrystallinetroscopy Fig. 9). This signal is gradually moderated by in-
conductivity component remains constant. creasing presence of oxygen in the carrier gas, up to syn-

Membrane experiments are requir&l to establish the  thetic air, which provides a source of replacemeft Gor
electrolytic domain and modify the pertinent model circuit the created vacancies but, regardlesg®f, the change upon
[24-27] because appreciable electronic conduction would ethanol injection, as well as the response and relaxation tran-
shunt the circuitFig. 5 with a parallel resistof22], which sient, are reproduced by repeated pulsing, as showigirg,
must be independently measured. consistently with the preservation of single solid phase.
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Fig. 6. Thermal dependence of grain boundary and grain interior electrical Fig. 8. Electrical conductivity, at 10 Hz, ofg-BioMoOg pellet, in response
to two consecutive 1000 s 1.3% (w/w) ethanol in(99.999% pure) stimuli.

conductivity iny’-BioM0oQe.
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Fig. 9. Impedance spectroscopyys{Bi,MoOg, at 500°C, between 0.1 Hz
and 250 kHz, in N (99.999%) atmosphere, befofé)and after @) injection
of 1.3% by weight of ethanol in N Ry, grain interior resistance. Dashed

arrows schematically indicate the configuration of Arc Ill, above 250 kHz.

4. Conclusions
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