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Abstract
A novel high-throughput combinatorial library preparation technique for ceramics requiring low levels of dopant is demonstrated and assessed for the case of donor-doped barium titanate (BT) materials with positive temperature coefficient of resistance (PTCR) materials. The droplet-doping process is performed by infiltrating liquid dopant precursors into porous BT disks and viewed by high speed camera. The resulting dopant distribution in the body of the disk shows high uniformity as assessed by energy dispersive (EDS) and wavelength dispersive (WDS) spectroscopies. X-ray diffraction (XRD) measurements and resistivity-temperature (ρ-T) curves show evidence of the changes in structure and PTCR profiles with change in composition and are closely matched to previously published data for samples made by conventional ceramic routes. The procedure, thus validated, has the potential to deliver dopant-doped BT-based PTCR libraries rapidly with a very wide range of dopant mixtures and concentrations for electrical property measurement and deserves to be applied to other low level dopant ceramic systems.
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1. Introduction
There is now wider acceptance of high throughput, combinatorial searches for the discovery, development and optimization of functional materials, partly because of the recognition that much conventional materials discovery arose from empirical experimental methods which were limited by time-consuming syntheses and characterization techniques; thus, while computational modelling has accelerated the theoretical basis of the subject, high-throughput technologies are enhancing the experimental side. 
Although the first combinatorial approach to materials research is often attributed  to Edison and Ciamician around 100 years ago,1 it was first conceptualized by Joseph Hanak2 in 1970 but awaited the advent of computational data storage and handling. Although applied widely in medicinal chemistry, the group at Lawrence Livermore National Laboratory helped pioneer its acceptance in the materials sciences3. High-throughput technologies have been adopted in researches on superconductors,3 luminescent materials,4-6 solid-state battery materials,7-9 fuel-cell materials,10 coating materials,11 heterogeneous catalysis,12-14 sensors,15; 16 novel magnetic materials,17-19 and dielectric and ferroelectric materials20-22 among others. 

Libraries can be discrete, continuous or random and can be constructed by  thin-film methods23; 24, solution-based25 inkjet printing methods26; 27 or by dry powder mixing.28-31 Unsurprisingly, it is found that there is sometimes a lack of correlation between the properties of materials in thin-film form and bulk. To take advantage of the versatility of ink-jet printing and retain the ability to use conventional ceramic powders in high throughput experiments, the London University Search Instrument (LUSI) was built32 and modified33; 34 to print thick film combinatorial libraries of ceramic compositions automatically from oxide suspensions using ink-jet printers. It has synthesized many libraries in searching for novel ionic conductors35 and dielectrics;36-38 however, it is less effective in producing compositional uniformity in libraries with trace dopant additives (e.g. < 1 mol.%) by powder mixing. The aim of this work is therefore to establish a high-throughput synthesis method suitable for low dopant levels and use it to construct  libraries of donor-doped BaTiO3 ceramics in order to discover new BaTiO3-based PTCR materials.
The approach taken was based on infiltration doping which under the right circumstances can produce a range of different dopant levels in ceramics for various functions and properties.39 Liquid infiltration processing is of great interest for a wide range of applications including soil science,40; 41 building materials42; 43 and ink-jet printing engineering.44; 45 In engineering ceramics, infiltration doping has been used for surface modification and mechanical properties improvement;46-49 however there are few reports on  adopting the technique in functional ceramics. 
In the course of our attempts to explore the composition of BaTiO3-based PTCR ceramics, a high-throughput technique for preparing libraries based on rapid droplet-doping and infiltration was developed and verified and is reported here.  BaTiO3 disks were produced by a printing technique similar to the method described previously33 and the doping was performed by printing liquid precursors on the porous BT disk. The uniformity of the dopant inside the disk was investigated and the properties of BaTiO3-based PTCR samples fabricated using this method were measured and compared with values from the literature. 
2. Experimental Procedure
TiO2-excess non-stoichiometric BaTiO3 powder was synthesized as the starting material by solid state reaction using BaCO3 (Aldrich-Sigma 99+%) and TiO2 (Tioxide Europe SA 99+%) with molar ratio 1:1.01, which is in the mid range of TiO2-excess BT exhibiting the PTCR effect.50; 51 BaCO3 was dried at 150°C prior to weighing to remove moisture and TiO2 was heated to 800 °C to convert anatase to rutile. After ball-milling in alcohol for 29 ks (8 hours) to obtain intimate particle mixing, the powder was calcined at 1100°C for 7.2ks (2 hours) in air. The calcined powder was easily dispersed by vigorously stirring in deionized water using magnetic stirrers. A suspension with solids content of 50 wt.% was prepared by adding 1.5 wt.% of dispersant (Darvan 821A, R. T. Vanderbilt Industrial Minerals and Chemicals, Norwalk, Canada) and 2 wt.% of thixotropic agent (Acrysol RM12W, Rohm and Haas, UK). The addition of the thixotropic agent makes it possible to maintain a dome shape after the ink droplets have dried.52 The suspension was then placed on a roller table for 173 ks (48 hours) to prevent sedimentation and remove air bubbles. For small batches, the ink was printed on to silicone release paper (Grade SPT50/11, Cotek Papers Ltd., Glos., UK) using a digital transfer pipette (Transferpette Brand, Wertheim, Germany) following the method described previously.52 For large batches, the BT ink was printed automatically using the LUSI printer. The as-printed samples were dried under ambient conditions (298 K and 30-50% RH) and then heated in air for 7.2 ks (2 hours)  at 600 °C. These BT disks were used as base materials for subsequent doping. 

The apparent density of these prefired BT disks was determined by a buoyancy method using Archimedes’ principle.53 The pore size distribution was measured using mercury porosimetry (Micromeritics AutoPore IV, Norcross, USA). 
Solutions of La(NO3)3·6H2O and Y(NO3)3·6H2O (99% purity, Sigma-Aldrich) were prepared with deionised water at various concentrations according to the required doping level. In the automatic high throughput method, those dopant solutions are prepared using an 8-nozzle ink-jet printer by reformatting the 96-well plate (Figure 1, stage C). In preliminary work, different amounts of dopant solution with corresponding concentrations were printed using a digital transfer pipette onto the up-turned base of the disks. As-doped samples were dried in ambient atmosphere for 54 ks (15 hours) then in a desiccator for 173 ks (48 hours). They were rapidly heated to convert the nitrate salts to oxide before sintering at 1380(C for 4 ks (1.1 hours) with heating/cooling rates of 5 °C /min in a nitrogen gas flow to produce slight oxygen deficiency as suggested by Makovec54 and Ozawa55 and then partially re-oxidised in air at 1100(C for 2 ks (0.55 hours) (Figure 1, stage D) as suggested by Urek et al.51 
Prior to contact angle measurement, the as-sintered undoped BT disk was mechanically polished on one side to a 1 μm diamond finish. The polished sample was then washed with deionised water and acetone separately and then heated to 600°C for 4 hours to remove organic residue that might be carried over from the solvent wash. The contact angle measurement44 was performed optically using a digital CCD camera (model: STC-C83USB, Sentech, Texas, USA). A 3 μL droplet was deposited onto the surface of the polished side of BT disk using a micropipette. The contact angle was measured on each side of the droplet using MB-Ruler (Freeware, http://www.markus-bader.de/MB-Ruler/) and the two numbers were averaged. The results from three different droplets on a disk on a total of three disks were then averaged. 
Phase analysis of the sintered donor-doped BT specimens was performed by X-ray diffraction (XRD): samples were crushed in an agate mortar and measurements were conducted on a Siemens D5000 (Karlsruhe, Germany) using Cu K( radiation (40 mA filament current, 45 kV accelerating voltage and a step size of 0.0334° 2θ). The microstructures of the ceramic samples were examined using scanning electron microscopy (SEM; FEI, InspectF, Hillsboro, OR, USA). Energy dispersive spectroscopy (EDS; Oxford Instruments, UK) and wavelength dispersive spectroscopy (WDS; Oxford Instruments, UK) were used to analyze the elemental composition of samples after carbon coating and referring to cobalt as a standard for calibration of the analyzer. Acceleration voltage was 20 kV, the working distance was 10 mm and all data were corrected using INCA software (Oxford Instruments). 

Electrodes for electrical property measurements were prepared by rubbing a thin layer of In-Ga amalgam (45:55 by mass. Indium was ex BDH Chemicals, England and Gallium ex MCP Group, Northants, England) at room temperature on both surfaces of the sintered La-doped BaTiO3 samples to provide Ohmic contacts. An in-house multiple sample measurement jig with capacity of 20 samples was designed and assembled for high throughput resistivity-temperature measurement which was performed using a two-probe method by applying a steady voltage (0.8V) in the temperature range of 20 to 300 (C. The contact resistance incurred from the In-Ga electrode is very small (typically in a range of ~ zero56 to 12.7 Ω57 ) compared with the sample resistances of 80~4000 Ω. Current-voltage data were collected at different temperatures by a computer controlled digital multimeter (Model 1705, TTi, Huntingdon, England) and a relay card (PCI2307, Aitai, China) for switching through the different sample channels. Based on error propagation from resistance and dimension measurements, the estimated errors in resistivity are 13%. The measurement error in a combinatorial process that uses very small samples is clearly expected to be higher than that from measurements on conventional samples, a compromise associated with high throughput methods in general but interestingly one that does not impinge on the intensive property of Curie temperature, relevant in this case. The temperature of the furnace was controlled using a temperature/process controller (model 3216, Eurotherm, UK) and RS232 board interfaced to computer. The whole system was controlled using LabVIEW® (version 7.1, National Instruments). 

3. Results and Discussion

Figure 1, stages A and B demonstrate the implementation of this high throughput fabrication method for producing the BT disks on the LUSI printer: stage A shows the printing of the BT suspension and in stage B it is allowed to dry. An array of BT tablets prepared by manually printing using a digital transfer pipette is shown in Figure 2. The disks that result from drying of a 20 μL BT ink droplet have diameter ~4.3 mm and thickness ~0.45 mm. The average weight of disks in the array is 17.5 mg with a standard deviation of 1.1 mg. This error is due to the pendant liquid residue on the pipette tip and can be significantly reduced by using LUSI printer for automatic production.33
The function of the thixotropic agent was to change the flow processes occurring during droplet drying to inhibit the radial flow to the periphery of the droplet which causes a bowl shape to result after drying.52 Figure 3 shows the shapes of drops produced with and without the thixotropic agent. A flat, slightly dome-like shape develops in the drying residue from the BT suspension containing the thixotropic agent. On the other hand, a concave shape is produced from a BT dispersion with organic dispersant only. 
Stage C (Figure 1) illustrates the infiltration doping of liquid dopant precursor into the BT disk. In order to achieve a homogeneous distribution of dopant solution throughout the body of the porous disk, the volume of the dopant solution must equal the total volume of the pores in the disk which is determined by its porosity. The schematic in Figure 4 compares the proposed pattern of infiltration of porous BT with different amounts of ink consisting of aqueous precursor solutions. If the dopant solution is less than this ideal volume, insufficient liquid is available to infiltrate the body of the porous disk fully and this adversely affects the homogeneity of distribution of dopant from the colour distribution of the polished cross section (Figure 4c). If the volume of dopant solution exceeds this level, excess liquid remains on the outer surface of the disk. This dries and leaves a thin film of solute on the surface which reduces the effective dopant concentration in comparison with the planned concentration by placing an excess in the surface region (Figure 4d). The ideal volume of dopant solution can be dispensed onto the disk in one drop (Figure 4b) or by printing multiple small drops at various locations (Figure 4a) on the surface. In the latter method, the coverage of ink over the surface of the porous disk provides more uniform distribution than that of the single droplet due to the spreading effect as discussed below. 
The porosity measured to determine the volume of liquid used for doping of the prefired BaTiO3 disk was 55 ± 3 % determined by Archimedes method.53 This porosity level is also supported by the results from mercury intrusion porosimetry which was measured as 51%. Thus a porosity of 55% was used for subsequent calculations. Figure 5 displays the pore size distribution of the unsintered BT disk examined by mercury intrusion porosimetry. The dominant pore size corresponds to the steepest slope of the cumulative porosity curve (curve B) shown in Figure 5. The corresponding derivative of the log-cumulative intrusion curve versus pore diameter was replotted as curve A in Figure 5. There is a bimodal distribution of pore sizes. The first is at ~0.12 µm determined by the main peak in curve A and corresponds to inter-cluster pores between small (1 μm) clusters of particles. A second very small peak can just be seen at ~60 µm, which from SEM observation can be attributed to near-spherical voids possibly originating from bubbles in the ink. The pores with diameter around 0.12 µm contribute about 80% of the total pore volume.

The uniformity of donor distribution in the pore structure is determined partly by the way the infiltrating fluid distributes itself. The upper limit on doping is set by the maximum concentration of nitrate salt solution and hence by the aqueous solubility of dopant nitrates which are 58.9 wt.% for La(NO3)3 and 58.75 wt.% for Y(NO3)3 at 20(C.58 For example, to print 3.6 μL of saturated concentrated Y(NO3)3 solution (58.75 wt.% of Y(NO3)3) into a green BT disk with a volume of ~6.5 mm3 with 55% porosity, the upper limit of the incorporated concentration of yttrium dopant can be up to 16 mol.%, which is far larger than the critical concentration of donor content in BT-based PTCR materials. For lower levels of doping, the salt solution was diluted accordingly. 
The important criterion to be met during the dopant doping process is the uniformity of donor distribution inside the disk. At any stage of sample preparation, the factors that could affect the uniformity of dopant in the final samples are:

a) The infiltration flow profile of the dopant salt solution from the surface into the body of the disk during droplet deposition.

b) The redistribution of the dopant salt inside the disk during the evaporation of solvent due to capillary flow.

c) The melting and flow of nitrate salt before decomposition to oxide during early stages of heating. The hydrated salts used here have low melting temperatures (<130(C) compared with the pyrolysis temperature (550-750(C). To restrict the flow of molten salt inside the porous disk, the furnace was preheated to 650(C before the samples were loaded.

d) Diffusion during sintering, which is expected to redistribute the additive but only over small diffusion distances.
The distribution of dopant salt through the body of BT disks was verified by examining the cross section of doped-BT at different stages using SEM and WDS as discussed below. 

A preliminary infiltration experiment was conducted using an aqueous red dye. This provided distinct colour contrast so that saturated and unfilled regions could be visually distinguished. Observations of the outside surface and fracture surface revealed that the saturated red ink quickly percolates into the body to form a uniform colour. If less than the pore volume is added, there is a darker colour opposite the doped side and lighter colour at the doped side which witnesses non-uniform distribution of dopant in the case of insufficient doping as shown schematically in Figure 4c. Over-doping resulted in a large amount of coloured dye on the doped surface displayed as a darker colour (Figure 4d). 
Throughout the porous ceramic disk after infiltration and drying, the dopant salt forms a thin layer on the BT particle surfaces. The morphology of particle structures which discloses these thin films after drying can be used as a guide to the extent of distribution of the dopant salt. Figure 6 shows the morphology of BT particles before doping: particles have sharp and clear surfaces. Figure 7 shows the morphology of particles in the cross section of an as-dried Y-doped BT sample with donor concentration of 1 mol.% examined by SEM. All particles, regardless of their position in the cross-section, were uniformly covered by a film in comparison with the sharp edges of the undoped BT particles displayed in Figure 6. Using the line intercept method, the film thickness was estimated at ~30 nm. 
The dopant distribution within porous BT is discussed below in terms of the different time scales associated with the infiltration process. All theoretical calculations are based on a simplified model of porous BT with a uniform cylindrical pore structure. The contact angle of water on dense BT disk was measured as 40°.
Effect of Initial Spreading

As soon as a dopant precursor drop is printed on the surface of the porous disk, there are two different motions of liquid: droplet spreading across the surface and infiltration into the underlying substrate. According to the results for the dynamic drop spreading and imbibition on the porous surface captured by high speed camera, the spreading radius reaches the maximum value in less than 0.03 second after printed on the disk. It is accepted from previous studies that the spreading flow generally ceases before significant infiltration occurs.59 In order to effectively wet the whole surface of the disk with precursor solution, 3 or 4 drops were dispensed over the surface, each being an equal fraction of the calculated volume of dopant solution. 
If V is the volume of the droplet placed on the surface and ( is the contact angle just before intrusion has started, then re, the radius of the wetting footprint is given by equation 1:44
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Given the total pore volume of this porous substrate as 3.6 μL and the volume of a single printed droplet as 0.9 μL and contact angle 38° (as measured by high-speed camera), the spreading radius can reach 1.15 mm, which means four separated droplets can fully wet the surface when placed on the disk with a diameter of 4.3 mm. Alternatively, if a single droplet with a volume of 3.6 μL is printed, the maximum diameter of the spreading drop is only 3.6 mm, which is less than that of the disk. This may increase the chances that a small amount of the infiltrating dopant solution will migrate to the open space between the central base of the porous disk and the impermeable silicone release paper used as a substrate (Figure 4b).
Effect of Drop Imbibition

According to the Lucas-Washburn equation, the depth of the liquid infiltrating d is a function of the square root of time:
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where η is the viscosity of the fluid, γ is the surface tension and r is the average pore radius. Hence, in order to allow the infiltrating donor solution to permeate the entire BT disk with thickness 0.45 mm, by using the typical values η ~1 mPa·s and γ ~72.8 mN/m (taking the parameters of the diluted dopant precursor solution as those for water),60 it requires ≈ 0.1 s which is far less than the time for liquid evaporation but longer than the time for drop spreading. What is required here is to achieve a near-uniform flow front to prevent finger-like flow which can cause air pockets. Daniel and Berg61 found that the droplet imbibition in a thin  porous substrate (in which the substrate thickness is less than the droplet height) can be expressed as unidirectional radial wicking during spreading rather than forming soft rounded edges in the wicking profile as for thicker porous systems. Furthermore, observation under SEM by surveying the cross section of the whole sample after infiltration doping using the multi-drop approach demonstrates that the donor precursor has the capability of infiltrating throughout the porous body (as seen in Figure 7). 
In soil science, it is believed that the degree of homogeneity of fluid infiltration of a porous medium is determined by the degree of stabilization of the fluid displacement front, which is dependent on the combined effect of gravity, viscous and capillary forces if the pore geometry effect is ignored.40 The Capillary number (Ca) is a dimensionless parameter defined below that can be introduced to measure the features of infiltrating fluid distribution.40
Capillary number is the ratio of viscous forces to capillary forces at pore level:
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where ν is the filtering flux or Darcy velocity in the medium, κ is the permeability of the porous medium. Furthermore, according to Darcy’s Law and the Young-Laplace equation:
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where ΔP is the capillary pressure and L is the thickness of the medium.

Rearranging equations 3-5, 
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. Given the thickness of porous BT samples of 0.45 mm, the dominant pore radius of 0.06 μm and the contact angle of water on BT of 40°, the Capillary number (Ca) can be estimated at about 8 ×10-4.

In liquid imbibition, a porous system with a large capillary number (>10-4) performs in a more stable way in terms of the fluid displacement pattern than one with a small value of Ca (<10-6) because capillary-driven finger-like flow is less likely to occur.62; 63  Furthermore, gravity contributes a stabilizing force by reducing the height differences induced by viscous instability or capillary fluctuations hence flattening the wetting front.64 These analyses support the rationality of this method especially on the uniform distribution of the precursor liquid during infiltration. From the equations given above, it can be seen that a large pore radius r, a small contact angle θ and small sample thickness L favour a large value of Ca and hence uniform infiltration.

Effect of Evaporative Drying

The distribution of donor salt in the disk after doping is dependant on not only the process of liquid infiltration into the porous material, but also the subsequent motion of solute donor ions during evaporative drying which is closely related to the transport behaviour of ions during ‘wick action’.65 In saturated porous systems, there are liquid flows in the direction of the evaporating surface, which also involve solute ions in the liquid. Hence the salt transport during drying is influenced by the mixed effects of convection-diffusion of liquid fluxes induced by evaporation. The Peclet number (Pe), the transport parameter which shows the balance between convection and diffusion, can be used here to assess the ion re-distribution during drying.66 Equation 6 defines the Peclet number:
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where h is the evaporation rate, L the thickness of pellet, D the diffusion constant and ε the porosity. Measurements of the rate of weight loss (2.5 μg/s) for a saturated sample were obtained by drying it on a microbalance; and given that the pellet diameter is 4.3 mm, the rate of evaporation was calculated at h = 1.72x10-4 mm/s (considering the evaporation from top surface only which has area (d2/4=14.5mm2, so h=2.5x10-3/14.5 =1.72x10-4 mm/s)..  Using this value and typical values for D (10-9 m2/s) 66, ε (0.55), and L (0.45mm), it was possible to estimate that Pe in this system is ~0.14 (Pe < 1). This implies that donor ions can remain uniformly distributed in the porous medium due to the dominance of diffusive transport according to the Huinink’s theory.66 

Another factor potentially affecting uniformity is the remelting and flow of the hydrated nitrate salt before pyrolysis. In conducting the slow pyrolysis, the samples were put into the furnace at room temperature. In fast pyrolysis, the samples were put into a furnace preheated to 650 (C. A microstructural survey across the sections of 1 mol.% Y-doped disks subjected to slow and fast decomposition prior to sintering was performed by SEM. Examples of the particle morphologies are shown in Figure 8 (slow rate) and 9 (fast rate) which are representative of the many areas viewed. The particle arrangement is similar for both samples after heat-treatment on these different pyrolysis schedules but the structure of the dopant film is not. Smooth uniform particle coating results from fast decomposition whereas irregular structures such as bridges of pyrolysis product were found between BT particles in the sample subjected to slow decomposition. No such non-uniformity was observed in samples subjected to fast decomposition. This is likely to be due to the melting and movement of donor hydrated salt before pyrolysis during the thermal processing. 
Quantitative analyses of the spatial distribution of donor content on the cross section of Y-doped BT prepared by droplet-doping were performed by EDS and WDS. Only minor spatial non-uniformity or enrichment of donor dopant was detected by using the EDS line-scan and mapping modes throughout the cross section of doped-BT specimens with various donor concentrations up to 1 mol.%. It could well be argued that the resolution of EDS may not detect the variation in such low level of doping. So WDS was used to further analyse the uniformity. According to the WDS results, it was found that overall, the outer surface of the sintered pellet contained slightly more donor dopant than the body as shown in Figure 10 in which the 0.19 wt.% line is the planned concentration.  
XRD measurements showed no secondary phase in La-doped BT. Figure 11 shows the (002) and (200) diffraction lines in the XRD patterns of La-doped BT with various lanthanum concentrations in the range of 0.1-0.8 mol.% in steps of 0.1mol.% The evolution of the peak from a tetragonal structure splitting into two peaks in undoped material to a pseudo-cubic structure with a single peak merging at around 2θ=45.5° for the highest donor concentration (0.8 mol.%) can be seen. This is due to the change of tetragonality parameter caused by the dopant incorporation into the perovskite lattice.67 The lattice parameters (c/a) as a function of La concentration were plotted in Figure 12, which shows a continuous decrease in c/a on donor addition. This is consistent with results in the literature.68 
The microstructures of La-doped BT samples were examined by SEM and the density was measured by a buoyancy method using Archimedes’ principle.  It was found that the microstructure and density are similar to samples from commercially available PTCR, which were porous. The sintered density was affected by the doping level and sintering temperature and will be reported elsewhere69. Kuwabara70 found that the magnitude of the PTCR jump reaches a maximum at an optimum sintered density (≈75-85% of theoretical density)71and then decreases with increasing density. This effect has also been reported in another paper72 in which samples with low porosity, have poor PTCR resistivity jump at Tc.
 

Although the density of the droplet-doped PTCR samples is in the preferred range, nevertheless the density may need to be higher when applying this doping method to fabricate other materials libraries. The density of the undoped green disk could be increased by several  methods in order to improve the density after doping and sintering. For example, a) by increasing the solids loading of the BT ink by dispersant optimization or b) by die-pressing the disk using a high speed pharmaceutical tableting machine. Manual die-pressed disks have been tried in this research but the infiltration of the dopant proved to be difficult compared with the droplet-printed disk and modification to the compaction process is needed to adjust permeation and porosity.  
Figure 13 gives the resistivity of the La-doped BT ceramics made by this high-throughput fabrication method as a function of temperature measured after applying electrodes on opposite sides of the samples (Figure 1, stage E). All samples in the doping range 0.1-0.8 mol.% exhibited the expected PTCR performance with an increase in resistivity up to several orders of magnitude occurring at a Curie temperature (Tc) of around 120 (C. The room-temperature resistivity (ρ25) of La-doped BT samples initially reduced with increasing La doping level from 0.1 to 0.4 mol.% and then increased with the donor concentration. Furthermore, a trend of the decreasing of the PTCR effect with donor contents was observed as displayed in Figure 14, which is in good agreement with that reported in the literature.73 It was observed that Tc generally decreased with an increase in La content by around 20 (C per mole percent due to the incorporation of La into the BaTiO3 lattice at the Ba sites which is also in line with the results from previous studies.54; 74; 75 As can be seen in Figure 15, our results show good agreement with previously published resistivity-temperature curves for the BT samples containing around 0.2 mol.% La donor dopant made by conventional oxide-mixing routes.76-78 The results above confirm that the BT-based PTCR samples made by this combinatorial method have similar PTCR properties to those made by conventional methods. 
4. Conclusions
We have established a high-throughput procedure for doping ceramic samples prepared from powders (a thick film as opposed to a thin film combinatorial library technique) and for testing their resistivity-temperature characteristics. An acceptably uniform distribution of dopant in trace-doped BT ceramics produced by droplet-doping method can be achieved. The method eliminates the multiple steps in traditional sample preparation; mixing, drying, calcination, regrinding, drying, pressing and sintering but as with all high-throughput operations there is a compromise between compositional exactitude and sample processing speed. This paper presents the first attempt at synthesis of donor-doped BT PTCR ceramics using high-throughput fabrication via the combined methods of printing and droplet-doping. It promises the great potential of realizing full robotic control on the production of libraries of lightly doped functional ceramics. As a proof of principle, libraries of BT doped with lanthanum were prepared at varying dopant levels for which XRD measurements and ρ-T examinations showed evidence of the changes of structural aspects and PTCR profiles with change in composition which were closely matched by previously published data for samples made by conventional ceramic routes.
References:
1R. Hoogenboom, M. A. R. Meier, and U. S. Schubert, "Combinatorial methods, automated synthesis and high-throughput screening in polymer research: past and present," Macromolecular Rapid Communications, 24[1] 15-32 (2003). 

2J. J. Hanak, "The ‘Multiple-Sample Concept’ in materials research: synthesis, compositional analysis and testing of entire multicomponent system," Journal of Materials Science, 5 964-71 (1970). 

3X. D. Xiang, X. Sun, G. Briceno, Y. Lou, K. A. Wang, H. Chang, W. G. WallaceFreedman, S. W. Chen, and P. G. Schultz, "A combinatorial approach to materials discovery," Science, 268 1738-40 (1995). 

4J. S. Wang, Y. Yoo, C. Gao, I. Takenchi, X. D. Sun, H. Y. Chang, P. G. Schultz, and X. D. Xiang, "Identification of a blue photoluminescent composite material from a combinatorial library " Science, 279 1712-14 (1998). 

5E. Danielson, J. H. Golden, E. W. McFarland, C. M. Reaves, W. H. Weinberg, and X. D. Wu, "A combinatorial approach to the discovery and optimization of luminescent materials," Nature, 389[6654] 944-48 (1997). 

6E. Danielson, M. Devenney, D. M. Giaquinta, J. H. Golden, R. C. Haushalter, E. W. McFarland, D. M. Poojary, C. M. Reaves, W. H. Weinberg, and X. D. Wu, "A rare-earth phosphor containing one-dimensional chains identified through combinatorial methods," Science, 279[5352] 837-39 (1998). 

7K. Fujimoto, K. Takada, T. Sasaki, and M. Watanabe, "Combinatorial approach for powder preparation of pseudo-ternary system LiO0.5-X -TiO2 (X: FeO1.5, CrO1.5 and NiO)," Applied Surface Science, 223[1-3] 49-53 (2004). 

8K. Takada, K. Fujimoto, T. Sasaki, and M. Watanabe, "Combinatorial electrode array for high-throughput evaluation of combinatorial library for electrode materials," Applied Surface Science, 223[1-3] 210-13 (2004). 

9J. C. H. Rossiny, J. Julis, S. Fearn, J. A. Kilner, Y. Zhang, L. F. Chen, S. F. Yang, and J. R. G. Evans, "Combinatorial characterisation of mixed conducting perovskites," Solid State Ionics, 179[21-26] 1085-89 (2008). 

10E. Reddington, A. Sapienza, B. Gurau, R. Viswanathan, S. Sarangapani, E. S. Smotkin, and T. E. Mallouk, "Combinatorial electrochemistry: a highly parallel, optical screening method for discovery of better electrocatalysts," Science, 280 1735-37 (1998). 

11R. Cremer and D. Neuschutz, "Optimization of (Ti,Al)N hard coatings by a combinatorial approach," International Journal of Inorganic Materials, 3[8] 1181-84 (2001). 

12R. J. Hendershota, W. B. Rogersa, C. M. Snively, B. A. Ogunnaikea, and J. Lauterbach, "Development and optimization of NOx storage and reduction catalysts using statistically guided high-throughput experimentation " Catalysis Today, 98[3] 375-85 (2004). 

13R. Vijay, R. J. Hendershot, S. M. Rivera-Jiménez, W. B. Rogers, B. J. Feist, C. M. Snively, and J. Lauterbach, "Noble metal free NOx storage catalysts using cobalt discovered via high-throughput experimentation," Catalysis Communications, 6[2] 167-71 (2005). 

14X. L. Weng, B. Perston, X. Z. Wang, I. Abrahams, T. Lin, S. F. Yang, J. R. G. Evans, D. J. Morgan, A. F. Carley, M. Bowker, J. C. Knowles, I. Rehman, and J. A. Darr, "Synthesis and characterization of doped nano-sized ceria-zirconia solid solutions," Applied Catalysis B-Environmental, 90[3-4] 405-15 (2009). 

15G. Frenzer, A. Frantzen, D. Sanders, U. Simon, and W. F. Maier, "Wet chemical synthesis and screening of thick porous oxide films for resistive gas sensing applications," Sensors, 6[11] 1568-86 (2006). 

16U. Simon, D. Sanders, J. Jockel, and T. Brinz, "Setup for high-throughput impedance screening of gas-sensing materials," Journal of Combinatorial Chemistry, 7[5] 682-87 (2005). 

17H. Kionuma, Y. Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fukumura, M. Kawasaki, P. Ahmet, T. Chikyow, and S. Y. Kioshihara, "Room-temperature ferromagnetism in transparent transition metal-doped titanium dioxide " Science, 291 854-56 (2001). 

18G. Briceno, H. Y. Chang, X. D. Sun, P. G. Schultz, and X. D. Xiang, "A class of cobalt oxide magnetoresistance materials discovered with combinatorial synthesis," Science, 270[5234] 273-75 (1995). 

19I. Takeuchi, O. O. Famodu, J. C. Read, M. A. Aronova, K. S. Chang, and A. Orozco, "Identification of novel compositions of ferromagnetic shape-memory alloys using composition spreads," Nature Materials, 2[3] 180-84 (2003). 

20H. Chang, C. Gao, I. Takeuchi, Y. Yoo, J. Wang, P. G. Schultz, and X. D. Xiang, "Combinatorial synthesis and high throughput evaluation of ferroelectric/dielectric thin-film libraries for microwave applications," Applied Physics Letters, 72[17] 2185-17 (1998). 

21R. B. van Dover, L. D. Schneemeyer, and R. M. Fleming, "Discovery of a useful thin-film dielectric using a composition-spread approach," Nature, 392[6672] 162-64 (1998). 

22D. J. Scott, S. Manos, P. V. Coveney, J. C. H. Rossiny, S. Fearn, J. A. Kilner, R. C. Pullar, N. M. N. Alford, A. K. Axelsson, Y. Zhang, L. Chen, S. Yang, J. R. G. Evans, and M. T. Sebastian, "Functional ceramic materials database: An online resource for materials research," Journal of Chemical Information and Modeling, 48[2] 449-55 (2008). 

23X. D. Xiang and P. G. Schultz, "The combinatorial synthesis and evaluation of functional materials," Physica C, 282-287 428-30 (1997). 

24T. Vossmeyer, S. Jia, E. DeIonno, M. R. Diehl, S. H. Kim, X. Peng, A. P. Alivisatos, and J. R. Heath, "Combinatorial approaches toward patterning nanocrystals," Journal of Applied Physics, 84 3664-70 (1998). 

25H. M. Reichenbach and P. J. McGinn, "Combinatorial synthesis of oxide powders," Journal of Materials Research, 16[4] 967-74 (2001). 

26X. D. Sun, K. A. Wang, Y. Yoo, W. G. Wallace-Freedman, C. Gao, X. D. Xiang, and P. G. Schultz, "Solution-phase synthesis of luminescent materials libraries," Advanced Materials, 9 1046-49 (1997). 

27Y. Zhan, L. F. Chen, S. F. Yang, and J. R. G. Evans, "Thick film ceramic combinatorial libraries: The substrate problem," Qsar & Combinatorial Science, 26[10] 1036-45 (2007). 

28S. F. Yang and J. R. G. Evans, "Device for preparing combinatorial libraries in powder metallurgy," Journal of Combinatorial Chemistry, 6[4] 549-55 (2004). 

29T. A. Stegk, R. Janssen, and G. A. Schneider, "High-throughput synthesis and characterization of bulk ceramics from dry powders," Journal of Combinatorial Chemistry, 10[2] 274-79 (2008). 

30S. F. Yang and J. R. G. Evans, "A multi-component powder dispensing system for three dimensional functional gradients," Materials Science and Engineering a-Structural Materials Properties Microstructure and Processing, 379[1-2] 351-59 (2004). 

31S. F. Yang and J. R. G. Evans, "A dry powder jet printer for dispensing and combinatorial research," Powder Technology, 142[2-3] 219-22 (2004). 

32J. R. G. Evans, M. J. Edirisinghe, P. V. Coveney, and J. Eames, "Combinatorial searches of inorganic materials using the ink-jet printer: Science, Philosophy, and Technology," Journal of the European Ceramic Society, 21 2291-99 (2001). 

33L. Chen, Y. Zhang, S. Yang, and J. R. G. Evans, "Protocols for printing thick film ceramic libraries using the London University Search Instrument (LUSI)," Rev. Sci. Instrum., 78[7] 2210-15 (2007). 

34Y. Zhang, L. F. Chen, S. F. Yang, and J. R. G. Evans, "Preparation of ceramic well plates for combinatorial methods using the morphogenic effects of droplet drying," Journal of the American Ceramic Society, 89[12] 3858-60 (2006). 

35J. C. H. Rossiny, S. Fearn, J. A. Kilner, Y. Zhang, and L. Chen, "Combinatorial searching for novel mixed conductors," Solid State Ion., 177[19-25] 1789-94 (2006). 

36R. C. Pullar, Y. Zhang, L. F. Chen, S. F. Yang, J. R. G. Evans, and N. M. Alford, "Manufacture and measurement of combinatorial libraries of dielectric ceramics - Part I: Physical characterisation of Ba1-xSrxTiO3 libraries," J. Eur. Ceram. Soc., 27 3861-65 (2007). 

37R. C. Pullar, Y. Zhang, L. F. Chen, S. F. Yang, J. R. G. Evans, P. K. Petrov, A. N. Salak, D. A. Kiselev, A. L. Kholkin, V. M. Ferreira, and N. M. Alford, "Manufacture and measurement of combinatorial libraries of dielectric ceramics - Part II. Dielectric measurements of Ba1-xSrxTiO3 libraries," J. Eur. Ceram. Soc., 27[16] 4437-43 (2007). 

38R. C. Pullar, Y. Zhang, L. Chen, S. Yang, J. R. G. Evans, A. N. Salak, D. A. Kiselev, A. L. Kholkin, V. M. Ferreira, and N. M. Alford, "Dielectric measurements on a novel Ba1-xCaxTiO3 (BCT) bulk ceramic combinatorial library," J. Electroceram., 22[1] 245-51 (2009). 

39R. J. Darby, I. Farnan, and R. V. Kumar, "Method for making minor dopant additions to porous ceramics," Adv. Appl. Ceram., 108[8] 506-08 (2009). 

40D. Or, "Scaling of capillary, gravity and viscous forces affecting flow morphology in unsaturated porous media," Advances in Water Resources, 31[9] 1129-36 (2008). 

41Y. Zevi, A. Dathe, J. F. McCarthy, B. K. Richards, and T. S. Steenhuis, "Distribution of colloid particles onto interfaces in partially saturated sand," Environ. Sci. Technol., 39[18] 7055-64 (2005). 

42S. J. Ianson and W. D. Hoff, "Water-movement in porous building materials 8. effects of evaporative drying on height of capillary rise equilibrium in walls," Build. Environ., 21[3-4] 195-200 (1986). 

43I. Ioannou, C. Hall, M. A. Wilson, W. D. Hoff, and M. A. Carter, "Direct measurement of the wetting front capillary pressure in a clay brick ceramic," J. Phys. D-Appl. Phys., 36[24] 3176-82 (2003). 

44R. K. Holman, M. J. Cima, S. A. Uhland, and E. Sachs, "Spreading and infiltration of inkjet-printed polymer solution droplets on a porous substrate," J. Colloid Interface Sci., 249[2] 432-40 (2002). 

45G. Desie, G. Deroover, F. De Voeght, and A. Soucemarianadin, "Printing of dye and pigment-based aqueous inks onto porous substrates," J. Imaging Sci. Technol., 48[5] 389-97 (2004). 

46W. C. Tu and F. F. Lange, "Liquid precursor infiltration processing of powder compacts .1. Kinetic studies and microstructure development," J. Am. Ceram. Soc., 78[12] 3277-82 (1995). 

47J. G. Duh and J. U. Wan, "Liquid infiltration in ZrO2 ceramics," J. Mater. Sci. Lett., 12[7] 473-75 (1993). 

48S. J. Glass and D. J. Green, "Surface modification of ceramics by partial infiltration," Advanced Ceramic Materials, 2[2] 129-31 (1987). 

49S. Pratapa, I. M. Low, and B. H. O'Connor, "Infiltration-processed, functionally graded aluminium titanate zirconia-alumina composite - Part I - Microstructural characterization and physical properties," J. Mater. Sci., 33[12] 3037-45 (1998). 

50P. Bomlai, N. Sirikulrat, and T. Tunkasiri, "Effect of heating rate on the properties of Sb and Mn-doped barium strontium titanate PTCR ceramics," Mater. Lett., 59[1] 118-22 (2005). 

51S. Urek, M. Drofenik, and D. Makovec, "Sintering and properties of highly donor-doped barium titanate ceramics," J. Mater. Sci., 35[4] 895-901 (2000). 

52Y. Zhang, L. Chen, S. Yang, and J. R. G. Evans, "Control of particle segregation during drying of ceramic suspension droplets," J. Eur. Ceram. Soc., 27[5] 2229-35 (2007). 

53P. Pei, D. Minor, and G. Y. Onoda, "Laboratory techniques for bulk density measurement," pp. 293-306. in Advances in Process Measurements for the Ceramic Industry. Edited by A. Jillavenkatesa and G. Y. Onada. The American Ceramic Society, Westerville, 1999.

54D. Makovec, N. Ule, and M. Drofenik, "Positive temperature coefficient of resistivity effect in highly donor-doped barium titanate," J. Am. Ceram. Soc., 84[6] 1273-80 (2001). 

55M. Ozawa and S. Suzuki, "Influence of heat treatment with nitrogen in positive-temperature-coefficient-type BaTiO3," J. Mater. Sci. Lett., 16[7] 545-46 (1997). 

56D. P. Cann and C. A. Randall, "Electrode effects in positive temperature coefficient and negative temperature coefficient devices measured by complex-plane impedance analysis," J. Appl. Phys., 80[3] 1628-32 (1996). 

57S. K. Sundaram, "The electrode effect in reduced semiconducting Nb-doped SrTiO3 ceramics," J. Mater. Sci.-Mater. Electron., 5[6] 344-46 (1994). 

58D. R. Lide, "CRC Handbook of Chemistry and Physics (82nd Edn.)," pp. 8:107-11. in. CRC Press, Inc., Boca Raton, 2001.

59M. Denesuk, B. J. J. Zelinski, N. J. Kreidl, and D. R. Uhlmann, "Dynamics of incomplete wetting on porous materials," J. Colloid Interface Sci., 168[1] 142-51 (1994). 

60D. R. Lide, "CRC Handbook of Chemistry and Physics (82nd Edn.)," pp. 6-3. in. CRC Press, Inc., Boca Raton, 2001.

61R. C. Daniel and J. C. Berg, "Spreading on and penetration into thin, permeable print media: Application to ink-jet printing," Adv. Colloid Interface Sci., 123 439-69 (2006). 

62R. Lenormand, "Liquids in porous-media," J. Phys.: Condens. Matter, 2 SA79-SA88 (1990). 

63N. C. Wardlaw and Y. Li, "Fluid topology, pore-size and aspect ratio during imbibition," Transp. Porous Media, 3[1] 17-34 (1988). 

64P. Meakin, J. Feder, V. Frette, and T. Jossang, "Invasion percolation in a destabilizinig gradient," Phys. Rev. A, 46[6] 3357-68 (1992). 

65Y. T. Puyate and C. J. Lawrence, "Wick action at moderate Peclet number," Phys. Fluids, 10[8] 2114-16 (1998). 

66H. P. Huinink, L. Pel, and M. A. J. Michels, "How ions distribute in a drying porous medium: A simple model," Phys. Fluids, 14[4] 1389-95 (2002). 

67E. Brzozowski, A. C. Caballero, M. Villegas, M. S. Castro, and J. F. Fernandez, "Effect of doping method on microstructural and defect profile of Sb-BaTiO3," J. Eur. Ceram. Soc., 26[12] 2327-36 (2006). 

68F. D. Morrison, D. C. Sinclair, and A. R. West, "Electrical and structural characteristics of lanthanum-doped barium titanate ceramics," J. Appl. Phys., 86[11] 6355-66 (1999). 

69Y. Chen, J. R. G. Evans, and S. Yang, "Combinatorial screening for BaTiO3-based PTCR ceramics,"   (2011). 

70M. Kuwabara, "Influence of stoichiometry on the PTCR effect in porous barium titanate ceramics," J. Am. Ceram. Soc., 64[12] C170-C71 (1981). 

71Y. Chen and S. Yang, "The PTCR Effect in Donor-doped Barium Titanate: Review of Compositions, Microstructures, Processing and Properties," Advances in Applied Ceramics: Structural, Functional and Bioceramics  (2011). 

72R. D. Roseman and N. Mukherjee, "PTCR effect in BaTiO3: Structural aspects and grain boundary potentials," J. Electroceram., 10[2] 117-35 (2003). 

73J. Qi, Z. Gui, Y. Wang, Q. Zhu, Y. Wu, and L. Li, "The PTCR effect in BaTiO3 ceramics modified by donor dopant," Ceram. Int., 28[2] 141-43 (2002). 

74C. A. Kleint, U. Stopel, and A. Rost, "X-ray-diffraction and conductivity investigation of lanthanum-doped barium titanate ceramics," Phys. Status Solidi A-Appl. Res., 115[1] 165-72 (1989). 

75F. D. Morrison, D. C. Sinclair, J. M. S. Skakle, and A. R. West, "Novel doping mechanism for very-high-permittivity barium titanate ceramics," J. Am. Ceram. Soc., 81[7] 1957-60 (1998). 

76R. L. Brutchey, G. S. Cheng, Q. Gu, and D. E. Morse, "Positive temperature coefficient of resistivity in donor-doped BaTiO3 ceramics derived from nanocrystals synthesized at low temperature," Adv. Mater., 20[5] 1029-32 (2008). 

77S. Chatterjee, K. Sengupta, and H. S. Maiti, "A miniature PTC thermistor based sensor element fabricated by tape casting technique," Sens. Actuators, B, 60[2-3] 155-60 (1999). 

78J. B. MacChesney and J. F. Potter, "Factors and mechanisms affecting the positive temperature coefficient of resistivity of barium titanate," J. Am. Ceram. Soc., 48[2] 81-88 (1965). 


 
Figure Captions
[image: image8.png]



Figure 1. Schematic layout of the fast drop-doping method for high throughput discovery of donor-doped BT PTCR ceramics showing the following stages:  droplet-printing (A), drying and debinding (B), droplet-doping (C), sintering (D) application of electrode (E).
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Figure 2. An array of unfired as-dried BaTiO3 disks. 
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Figure 3. The drying of droplets of BT suspension containing: (a) thixotropic agent Acrysol 12W; (b) dispersant only. It is thought the thixotropic agent restricts the radial flow of powder during drying. In the insert, schematic drawings are shown for the morphologies of the cross section of as-dried disks. 
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Figure 4. Schematic diagram of the infiltration of a porous BT disk with saturated ink of dopant liquid precursor: (a) ideal condition; (b) single drop printing; (c) printing with insufficient ink; (d) over saturated ink printing. 
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Figure 5. The pore size distribution of as-dried BaTiO3 disk-shaped sample: log-differential pore size distribution (A) and cumulative pore size distribution (B). 
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Figure 6. SEM image of fracture surface of undoped BT disk.
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Figure 7. SEM image of as-dried Y-doped BT (1 mol. % donor concentration) at the same magnification as Figure 6.
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Figure 8.  SEM image of BT doped with 1 mol.% yttrium subjected to slow decomposition (5(C /min, from room-temperature to 650 (C). Arrows show the decomposed yttrium oxide from the molten nitrate salt during thermal treatment.
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Figure 9. SEM image of BT doped with 1 mol.% yttrium subjected to fast decomposition (placed in preheated furnace at 650 (C).
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Figure 10. Distribution of yttrium dopant measured by WDS vertically and horizontally across the cross-section of Y-doped BT via drop doping, broken line indicates expected dopant level. (a) yttrium distribution along the horizontal direction;  (b) schematic of cross-section of the sample (only left half was shown and measured). The numbers and letters indicate the location of the WDS measurement. (c) optical image of cross-section of real sample; (d) yttrium distribution along the vertical direction.
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Figure 11. XRD peaks between 2θ = 35° and 55° for La-doped BaTiO3 library with dopant concentration of x mol.% sintered at 1380 (C in nitrogen flow.
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Figure 12. Tetragonality parameter (c/a) vs. La donor concentration made by droplet-doping high-throughput method and sintering at 1380°C for 4 ks.
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Figure 13. ρ-T characteristics of La-doped BT via HT method reoxidized at 1100 (C for 2ks after sintered at 1380 (C in N2. 
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Figure 14. Relationship between room-temperature resistivity and PTCR jump of La-doped BT with various donor concentrations via HT method sintered at 1380 (C in N2.
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Figure 15. Comparison of resistivity-temperature curve for combinatorial 0.2 mol.% La-doped BT (fired at 1380 (C) to previously published r-T curve for similar composition.  
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