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Abstract

Ferroelectric ceramics based on lead zirconate titanate with Nb and Mn additives, for use in chemical sensing, have been prepared. The

perovskite phase was produced by solid phase reaction of oxides/carbonates. Powders were shaped in the form of discs by uniaxial pressing, and

sintered in a controlled atmosphere at several temperature and time conditions.

The microstructure of the sintered samples was observed in a scanning electronic microscope (SEM) and the grain size and density were shown

to be dependent on the ceramic composition.

PZT ceramic discs showed strong radial vibration modes in the kHz range, which could be used for chemical sensing applications both in

gaseous and liquid media. Sensitivity was found to be strongly dependent on the density of the ceramics.
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1. Introduction

Crystals of quartz are normally used in acoustic wave devices

because they present an excellent stability of the resonant

frequency, which allows the detection of changes in frequency as

low as 0.1 Hz or at least 1 Hz in routine analyses. Although the

crystals of quartz proved to be adequate in acoustic sensing

devices [1,2], other piezoelectric materials are being seek for in

order to lower costs and to get more flexibility on the final

product. Barium titanate was the first material to be used in

piezoelectric ceramic devices, but it has been substituted by the

lead zirconate titanate (PZT) solid solutions since their discovery

in 1954, when Jaffe et al. [3] reported unusual high piezoelectric

properties of poled PZT ceramics with a chemical composition

near the 50/50 (Zr/Ti) molar ratio. Pb(ZrxTi1�x)O3 solid solutions

have shown large piezoelectric planar coupling coefficient (kp),

high dielectric permittivity and Curie temperatures TC > 230 8C
[4]. Furthermore, PZTare easier poled and easier to be sintered at

lower temperatures than barium titanate.

A few attempts have been made to use PZT ceramics in mass

sensors and promising results have been published for sensors in
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gaseous media, either using resonant piezo-layer sensors [5,6], or

in SAW devices [7]. However, the use of this PZT ceramics as

bulk acoustic wave sensors in liquid media has not been reported

as the liquid seems to seriously damp the resonance signal [8,9].

The aim of this work was to manufacture PZT ceramic discs and

to test them as chemical transducers in liquid media.

2. Experimental

2.1. Reagents

PbCO3, TiO2, ZrO2, MnO2 (all pro analysis) and PbO and

Nb2O5 (99.9%) oxides were used as starting materials. A

commercial PZT powder Piezokeramica 841 (APC Interna-

tional) was also used for comparison.

s-Butylamine (Merck 801540) and fructose (Panreac 14728)

purissimum grade were used without any further purification.

Nitrogen was Alphagaz grade from ‘‘Arlı́quido’’.

2.2. Apparatus

In the mixing procedure, a Restch S1000 mill, set to a

velocity of 30 rpm, was used.

Gold electrodes were deposited by sputtering using a SEM

Coating Unit E5000.
d.
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Fig. 1. Experimental layout for gaseous media: (A) flowmeter; (B) injection port; (C) cell and (D) Network/Spectrum/Impedance Analyser.
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d33 (a piezoelectric constant relating the charge collected on

the electrodes to the applied mechanical stress) was measured,

at 120 Hz, with a Berlincourt Piezo d-Meter, previously

calibrated.

Electric measurements were performed using the Impedance

Analyser mode of a HP 4395A Network/Spectrum/Impedance

Analyser. The analyser is equipped with a HP 43961 impedance

Test Kit and the resonators were connected through a HP

16092A test Fixture.

Fig. 1 shows the experimental layout used for s-butylamine

vapour detection. The ceramic discs were inserted into a cell

and connected to the Network Analyser. A constant nitrogen

flow of 30 mL min�1, controlled by a flowmeter, carried the

injected amine to the ceramic.

To perform measurements in liquid media, the ceramic discs

were inserted in a special cell for liquids (ICM-International

Crystal Manufacturing Co., Inc.). Fig. 2 shows the experimental

layout. A constant nitrogen pressure of 104 Pa was maintained

inside two reagent bottles. The pressure was controlled by a

pressure regulator (OMNIFIT 3101) and is the driving force for

the displacement of the liquid from the bottles into the cell. One

of the bottles contained Milli-Q water and the other the sample.

A three-way valve selects the fluid that goes into the sensor cell.

Measurements of the electric parameters were initially made

with a frequency span that extended over the entire region of

interest of the sensor (from 100 to 200 kHz). For analytical

detection, the evolution of a particular frequency signal was

followed, and the Network Analyser scanned 801 points around
Fig. 2. Experimental layout for liquid media: (A) Network/Spectrum/Impedance An

water bottle.
the frequency of interest with a 100 Hz bandwidth. Series

frequency ( fs) was measured for vapour detection, while for

liquids the frequency at minimum impedance ( fn) was

measured, in accordance with previous work [10]. Eight scans

were averaged for each measurement in liquid media, while for

vapour single measurements were recorded. All impedance

data presented in this work were obtained after calibration and

test fixture compensation.

2.3. Procedure

2.3.1. Preparation of the ferroelectric ceramic discs

Ceramic samples were prepared by the conventional mixed

oxide method [11–13]. TiO2, ZrO2, PbCO3, PbO, MnO2 and

Nb2O5 were weighed according to the following compositions:

Pb(Zr0.530Ti0.455Nb0.015)O3, Pb(Zr0.525Ti0.465Mn0.01)O3 and Pb

(Zr0.530Ti0.470)O3.

Approximately 0.1 wt% of MnO2 was added to the

Pb(Zr0.530Ti0.455Nb0.015)O3 composition, in order to increase

the quality factor Q [14]. PbO was added in excess to compensate

for PbO evaporation and to promote the densification [15].

Discs of �2 cm diameter were obtained by uniaxially

pressing at 187 MPa for 30 s. The usual sintering temperatures

used to densify PZT samples prepared by the conventional

process were around 1200 8C [16–18] and in this work 1150

and 1200 8C were chosen.

Fracture surfaces of sintered samples were observed by

scanning electron microscopy (SEM).
alyser; (B) cell; (C) pressure regulator; (D) sample bottle; (E) nitrogen and (F)



Fig. 3. Ceramic disc with gold electrodes mounted in a metal support.
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After lapping and polishing the sintered bodies to a

maximum thickness of 400 mm, silver electrodes were

deposited on both sides. The samples were poled under a dc

field of 40 kV cm�1 applied perpendicularly to the sample

electrodes, in a silicone oil bath at 120 8C, for 30 min. After

poling, silver electrodes were removed and new gold electrodes

with 0.6 cm diameter were deposited, by sputtering. In order to

be tested with the Impedance Analyser, the ceramic discs were

bonded to a metal support in order to get the appropriate

contacts. Fig. 3 shows a ceramic disc mounted by this process.

As piezoceramics are also commercially available, we

included in this study a disc manufactured by the same

methodology, prepared with a commercial PZT powder. Ferrari

et al. [6] used a commercial PZT powder with low dielectric and

mechanical losses, the Piezokeramica 841, and concluded that

adding 20 wt% of PbO improved the electromechanical

properties of the ceramic. Based on the good performance

reported, a PZT sample was prepared with this Piezokeramica

841 powder, also with 20 wt% PbO, and was used for

comparison with those ceramics prepared in the laboratory

from PZT powders.

2.3.2. Frequency measurements in gaseous media

To test the performance of the ceramic discs for chemical

sensing, an amine sample was injected through a septum
Table 1

Characteristics of the ceramic discs

Composition % PbO

(w/w)

% MnO2

(w/w)

1a Pb (Zr0.54Ti0.47)O3 1 –

1b Pb (Zr0.54Ti0.47)O3 1 –

2a Pb(Zr0.5247Ti0.4653Mn0.010)O3 1 –

2b Pb(Zr0.5247Ti0.4653Mn0.010)O3 1 –

2c Pb(Zr0.5247Ti0.4653Mn0.010)O3 1 –

2e Pb(Zr0.5247Ti0.4653Mn0.010)O3 5 –

2f Pb(Zr0.5247Ti0.4653Mn0.010)O3 5 –

3a Pb(Zr0.530Ti0.455Nb0.015)O3 1 0.1

3b Pb(Zr0.530Ti0.455Nb0.015)O3 5 0.1

4a P841 20 –
located at the top of glass injection cell, shown in Fig. 1. A flow

of nitrogen entering the bottom of the cell carries the amine

vapour to the gold electrodes. The observed frequency decrease

was monitored.

2.3.3. Frequency measurements in liquid media

Fig. 2 shows the experimental layout for measurements in

liquid media. Milli-Q water was flowing through the cell

housing the ceramic until constant frequency readings were

obtained. Those readings were recorded and used as baseline. A

solution of fructose was then allowed to flow over the ceramic

disc and the difference between the frequency readings and

baseline was computed. After each experiment, water was

passed over the sensor until complete recover was achieved and

baseline values have been restored. Eight scans were averaged

for each measurement.

3. Results and discussion

The characteristics of the ceramic discs obtained by the

described procedure are shown in Table 1. It can be observed

that the values of the weight loss during sintering are related

to the excess of PbO used, i.e., 0.8–1.7 wt% for 1 wt% excess

PbO and 3.9–4.2 wt% for an excess of 5 wt% of PbO. Hence,

the deviations from the stoichiometry are not significant and

even in those cases where the weight loss is higher than the

excess of PbO, leading to a deficiency in this element, the

composition is still in the field of the PZT single phase and

no precipitation of ZrO2 is expected [16,19,20]. The excess

of PbO leads to the formation of a PbO-rich liquid phase at

temperatures below the value used for sintering, which

enhances the densification process, but at higher tempera-

tures and longer times this phase tends to disappear due to

the preferential volatilisation of the PbO. The use of the

theoretical density of PZT single phase, rt = 7.87 g cm�3, to

obtain the relative densities, r, presented in Table 1 is

therefore acceptable. This could not be done in the case of

the sample prepared with the commercial powder due to the

uncertainty on its chemical composition and to the high

amount of excess PbO used. In this case, the relative density

was not calculated.
Sintering

conditions

Weight

loss (%)

Density

(g cm�3)

Relative

density r (%)

2 h/1150 8C 1.7 7.45 95

2 h/1200 8C 1.6 7.69 98

2 h/1150 8C 0.8 7.24 92

8 h/1150 8C 1.4 7.32 93

2 h/1200 8C 1.3 7.36 93

8 h/1150 8C – 7.66 96

2 h/1200 8C 4.2 7.40 94

2 h/1200 8C 1.0 7.32 93

2 h/1200 8C 3.9 7.59 96

2 h/930 8C – 7.42 –



Fig. 5. Variation of the piezoelectric coefficient d33 with the poling time for

ceramic 3b.
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The results for the relative density (Table 1) show the

following trends: (i) it increases when the sintering temperature

increases (from 95 to 98% in the undoped case, from 92 to 93% in

the Mn-doped samples); (ii) it increases with sintering time (92–

93% from 2 to 8 h in the case of Mn-doped samples) and (iii) it

increases with the amount of PbO excess (from 93 to 94%, in the

case of 2 h sintering at 1200 8C of Mn-doped PZT, from 93 to

96% in the case of Nb-doped case). The addition of foreign

elements, Mn or Nb, originates lower densities, but, as already

seen, the density increases with the increase of the excess PbO

amount. The enhancement of the densification with the addition

of PbO was attributed to the formation of the PbO-rich liquid

phase, as already mentioned, leading to a particle rearrangement

and to an increase of the matter transport by a solution-
Fig. 4. Scanning electron micrographs of fracture surfaces of samples sintered

2 h at 1200 8C: (a) PZT, 1 wt% excess PbO, (b) Mn–PZT, 5 wt% excess of PbO,

(c) Nb–Mn–PZT, 5 wt% excess PbO.
precipitation process [17]. In order to evaluate the reproducibility

of the manufacturing process, two extra ceramic disc samples

with composition Pb(Zr0.5300Ti0.4550Nb0.0150)O3, 5 wt% PbO

excess and sintered for 2 h at 1200 8C have been produced.

Densities of the three discs did not differ more than 1%.

The microstructures presented in Fig. 4 do not show any

evidence of the presence of second phases, namely particles of

free zirconia, in agreement with the results of the weight loss

previously discussed. The presence of a liquid phase is not

clear, although its existence as thin films between the grains

cannot be ruled out. The observed weight losses due to the

volatilisation of PbO at the sintering temperatures lead to a

strong reduction of the amount of the liquid phase previously

formed and, therefore, it is difficult to detect its presence in the

actual experimental conditions. Evidences of the existence of

the thin film between the grains needed a more careful

microscopic observation, namely by TEM.

Comparing Fig. 4(a) with Fig. 4(b) and (c), it can be

observed that doped PZT samples show a smaller average grain

size than that of the undoped ones. The reduction of the grain

size by the presence of dopants, like Nb, is commonly observed

in PZT and in other systems, even when solid solutions are

created [21,22]. Although the excess of PbO used in the doped

samples of Fig. 4(b) and (c) is higher than that of Fig. 4(a),

which would lead to an increase of the grain growth rate [17],

the dopant exerts an efficient pinning of the grain boundary

movement, thereby decreasing the grain growth.

Discs were poled by the application of a dc field of

40 kV cm�1 and Fig. 5 shows the evolution of d33 coefficient

with the poling time. From this figure, it can be seen that d33

increases with poling time up to 30 min, after which a much

slower increase is observed. Therefore, all discs were poled for

30 min. Table 2 shows the electric and piezoelectric parameters
Table 2

Electric parameters of some of the ceramic discs

Discs R1 (V) L1 (mH) C1 (pF) C0 (nF) kp Qm d33

(�10�12 C/N)

1a 13.4 0.68 1706 12.9 0.40 63 110

2b 23.9 2.47 478.9 7.77 0.34 47 101

2c 34.7 2.86 620.1 8.98 0.36 90 132

3a 31.6 2.17 560.4 8.51 0.39 121 132

3b 20.1 1.54 792.4 13.4 0.43 135 105

4a 112 0.48 3658 9.30 – 7 90



Fig. 6. Impedance modulus and phase vs. frequency for a disc of Nb–Mn–PZT

in the kHz range (a) and in the MHz range (b).

Table 3

Frequency shifts observed for different amounts of s-butylamine, for several

ceramic discs

Ceramic disc Density (g cm�3) Dfs(30 mL) (Hz) Dfs(80 mL) (Hz)

1a 7.45 62 104

2b 7.32 16 48

2c 7.36 30 97

3a 7.32 29 95

3b 7.59 56 119

4a 7.42 56 99

Fig. 7. Impedance and phase angle vs. frequency for a ceramic disc in contact

with Milli-Q water and fructose solution.
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of the ceramic discs for all the compositions measured after this

poling procedure.

Fig. 6 shows a plot of the impedance and the phase vs.

frequency for the piezoelectric ceramic 3b, in the kHz range (a)

and in the MHz range (b). It can be observed in Fig. 6b that the

ceramic disc in the MHz range shows many spurious

vibrational modes. Therefore, the kHz range signals were

chosen to be monitored in the experiments. This is the

frequency range where the planar (radial) vibration mode

operates (Fig. 6a) [23].

The frequency at minimum impedance ( fn) was measured

and the parameters of the Butterworth–Van Dyke (BVD)

equivalent electrical circuit [24] were calculated by the

Network Analyser. Q was calculated using the inductance

(L1) and the resistance (R1) values, through the following

equation:

Q ¼ 2p f n

�
L1

R1

�
(1)
In spite of the modest values for d33 and Q, the first signal in

Fig. 6a was strong enough to expect the ceramic disc to work as

a piezoelectric chemical sensor. After the insertion of each

ceramic disc into the glass cell, shown in Fig. 1, 30 and 80 mL

of s-butylamine were injected into the nitrogen stream that

reach the ceramic disc and the series frequency shifts were

registered. These shifts are shown in Table 3.

It is known that liquid samples can cause a severe damping

in the sensor output. Fig. 7 shows the effect of water and a

fructose solution on the impedance magnitude and phase of a

disc of Nb–Mn–PZT. It is possible to observe the expected

broadening and the decreasing of the intensity of the resonance

peaks, although signals remain well defined and strong enough

to allow analytical measurements. Table 4 shows the decrease

of the frequency at minimum impedance obtained with aqueous

solutions of fructose.

From Tables 3 and 4, it can be observed that all the ceramic

discs, including those prepared with the commercial powder

841, can be used as mass sensors. However, the highest values

for the frequency shifts, Df , were found for the ceramic samples

1a and 3b, those which show the highest values for the relative

density, d � 95%. The signals obtained with these samples

were just slightly higher than those obtained with the disc

prepared from the commercial powder, used for comparison.

Despite the effects of the composition and of the grain size,

which are not well discernible in this work, the attainment of

density values higher than 95% seems to be the relevant

parameter to obtain a high sensitivity. It is known that the

reduction of porosity implies an increase in the dielectric



Table 4

Shifts of the frequency at minimum impedance ( fn) observed for two solutions

of fructose

Ceramic disc Density

(g cm�3)

5% (w/w)

fructose Dfn (Hz)

30% (w/w)

fructose Dfn (Hz)

1a 7.45 142 599

2b 7.32 56 205

2c 7.36 78 369

3a 7.32 82 361

3b 7.59 196 692

4a 7.42 139 590
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permittivity, in the remnant polarisation and in the electro-

mechanical factor and this is critical when changing from open

to close porosity, a fact that normally occurs between 90 and

95% of relative density [25]. However, the good sensitivity

values of the samples here prepared may also be attributed to

the absence of crystalline second phases and to a presumable

very low content of the PbO-rich amorphous phase. C0 is the

only parameter of the equivalent electric circuit directly related

with the permittivity, and as it can be observed from Table 2, it

generally increases with the increasing of density, just as

expected.

4. Conclusion

All the ceramic discs manufactured, regardless of composi-

tion and sintering conditions, showed sensitivity to chemicals

and frequency stability, which allowed their use as chemical

sensors. Even in liquid phase good electrical signals have been

obtained and sensitivity of the ceramics to fructose concentra-

tion evidenciates their aptitude for chemical sensing in liquid

media.

The high sensitivity to s-butylamine, and fructose on

aqueous solution is strongly dependent of the attainment of

density values higher than 95% of the ceramic samples. The

absence of crystalline second phases, other than PZT and the

low content of PbO-rich amorphous phase also contribute to

achieve a good performance of this material in a piezoelectric

response.
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