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Abstract  

A library of 66 perovskite BaxSryCazTiO3 (x + y + z = 1) samples (ca. three grams per sample) was 

made in ca. 14 hours using a high-throughput continuous hydrothermal flow synthesis system.  

The as-synthesised samples were collected from the outlet of the process and then cleaned and 

freeze dried before being evaluated individually as oxygen reduction catalysts using a rotating disk 

electrode testing technique. To establish any correlations between physical and electrochemical 

characterisation data, the as-synthesised samples were investigated using analytical methods 

including BET surface area, Powder X-ray Diffraction (PXRD) and in selected cases, 

Transmission Electron Microscopy (TEM). The aforementioned approach was validated as being 

able to quickly identify oxygen reduction catalysts from new libraries of electrocatalysts. 
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Introduction  

The Oxygen Reduction Reaction (ORR) is of critical importance in the development of efficient 

energy storage and conversion devices such as metal-air batteries and low temperature fuel cells.1 

However, the ORR is widely recognised as the kinetic limiting component of these devices, often 

requiring a significant overpotential to reach a desirable current density,2 and is therefore a major 

limiting factor in the application of an inexpensive, low temperature fuel cell.3,4  Currently the 

most efficient and widely used catalyst for ORR is platinum.5 However, in operando Pt is unstable 

and the dissolution, agglomeration and sintering of Pt nanoparticles during operation leads to an 

http://www.ucl.me.uk/
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overall reduction in electrochemical performance over time.6 The scarcity and high cost of the 

platinum electrocatalysts are the largest contributing factor to the current high cost of fuel cells.7,8 

Therefore, it is desirable to develop a low cost electrocatalyst using earth abundant elements where 

possible. 

Transition metal oxides have been extensively studied as ORR catalysts due to their relative high 

abundance, low cost and good thermal stability at the pH and potentials required for ORR.9 In 

particular,  perovskite heterometallic oxides (with the general structure ABO3) have been explored 

as inexpensive ORR electrocatalysts as they fulfil the aforementioned requirements10 and their 

intrinsic electrocatalytic activity can approach that of platinum, making then attractive in 

commercial applications.11 Structurally, perovskite oxides offer huge versatility due to the large 

number of elements that can substituted into the ‘A’ or ‘B’ crystallographic sites leading to 

“tuneable activity”.9 A wide variety of perovskite mixed oxides have been studied as ORR 

catalysts, with those containing lanthanum at the ‘A’ site receiving substantial interest.12,13 In 

comparison, the use of perovskite barium titanate and its analogues as an ORR catalyst is relatively 

under explored.14  

The synthesis of perovskites is traditionally carried out using co-precipitation or batch 

hydrothermal techniques, followed by a heat treatment step.15,16 Alternatively, solid state “shake 

and bake” methods can be used, where high temperatures and multiple grinding steps are used to 

combat slow solid diffusion or insufficient precursor mixing.17 This approach has a number of 

drawbacks; it uses multiple high energy processes and it yields poor size/shape control of particles, 

and materials can contain undesirable impurity phases.  

Continuous hydrothermal processes for the production of nanopowders in flow, were first explored 

in the USA and in Japan in the 1990s.18 More recently, the authors have developed variants of 

Continuous Hydrothermal Flow Synthesis (CHFS) processes that involve the production of 

nanoceramics using supercritical water. The CHFS process typically involves direct in-flow 

mixing of a combined flow of metal salt solution and base (ambient temperature, 240 bar) with a 

supercritical water flow (typically 450 °C, 240 bar) to produce nanoparticulate oxides at mixing 

temperatures in the range of ca. 280 - 400 °C. Previous CHFS studies showed the importance of 

mixer design (e.g. pipe diameters and geometries)  and process conditions (precursor type, flow 
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rate, temperature, pressure, Reynolds number, etc.) on the final properties of the as-synthesised 

nanomaterials.19–21  

The use of high throughput techniques to speed up materials discovery or optimisation is well 

established, with pharmaceutical industries being early adopters of the use of combinatorial 

synthetic techniques coupled to high throughput analysis methods.22 In such approaches, many 

samples are made and screened to allow mapping of potential hotspots of activity. In inorganic 

nanomaterials combinatorial synthesis, there are challenges associated with comparing samples, 

due to the difficulty in making libraries under near-identical synthesis conditions. Several synthetic 

routes have been explored for the production of ORR active material libraries including thin film 

techniques that produce each composition on a milligram scale 23–25. High throughput CHFS 

methods can also be used to produce large libraries of materials under consistent synthesis 

conditions (at the gram scale) in a matter of hours.26–28 The use of high throughput CHFS to 

produce libraries of oxygen electrocatalysts is unreported until now. 

In this report, the authors present the synthesis of a 66 sample library of potential ORR catalysts 

with the nominal composition BaxSryCazTiO3 (x+y+z=1) that were produced sequentially via a 

high throughput CHFS based method; the powders made via this process were used as prepared 

and evaluated as ORR catalysts using a rotating disk electrode technique. 

Experimental Procedures  

Synthesis 

Nano-sized alkaline earth metal titanate materials were synthesised using a Continuous 

Hydrothermal Flow Synthesis (CHFS) process (see fig. 1 for a schematic representation). The 

CHFS process pipework is built from standard 316 SS SwagelokTM parts (Swagelok Company, 

Hertfordshire, UK) and incorporates a patented co-current confined jet mixer (CJM, US Patent No. 

20130136687), the design of which is described elsewhere.29,30 A Ti sol was first synthesised by 

mixing Titanium(IV) Bis(Ammonium Lactate)Dihydroxide solution, TiBALD, 0.3 M, (Sigma-

Aldrich, Dorset, UK, 50 wt. % in H2O) with 0.09 M KOH (Fischer Scientific, Loughborough) 

inside a CHFS reactor (see Supporting Information for details). This Ti sol was the used without 

modification for the production of the target metal titanates. For the synthesis of the library, the 

required amounts of anhydrous Ba(NO3)2, anhydrous Sr(NO3)2 (Sigma Aldrich, Dorset, UK) and 
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Ca(NO3)2.4H2O (Sigma Aldrich, Dorset, UK) were dissolved into the Ti sol in appropriate molar 

ratios to create the 66 unique precursor solution recipes. The compositions as synthesised were 

based on the molecular weights as given by the manufacturer (exact precursor ratios can be found 

in the supporting information). Briefly, the CHFS process was as follows; three identical 

diaphragm pumps (Primeroyal K, Milton Roy, Point Saint-Pierre, France) were used to supply 

pressurised feeds at 24.1 MPa. Pump P1 (see P1, fig. 1) supplied deionised water at 80 mL min−1 

(heated later in line), pump P2 (see P2, fig. 1) supplied 0.15 M metal salt/sol solutions (flow rate 

of 40 mL min−1) and pump P3 (see P3, fig. 1) supplied 0.6 M potassium hydroxide (flow rate also 

40 mL min−1). The feeds from P2 and P3 were mixed in flow using a ¼ inch stainless steel T-

piece. This combined flow was then mixed with supercritical water flow under turbulent conditions 

using a CJM, causing rapid precipitation of nanoparticles at a mixing temperature of ca. 335 °C. 

The resulting nanoparticulate slurry was cooled to ca. 40 °C using a pipe-in-pipe heat exchanger, 

before it exited the reactor via a Back-Pressure Regulator (BPR, TESCOM model 26-1762-24-

194), which maintained a constant pressure in the system. The resulting nanoparticles were 

collected and centrifuged before being cleaned (dialysed until the water conductivity was <50 μS). 

The concentrated particle slurries were then each freeze-dried (Virtis Genesis 35XL) by heating 

the samples from −40 °C to 25 °C over 18 h under vacuum (range of 10 to 15 Pa). The freeze-

dried powders were used as synthesised.  
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Figure 1: Process diagram for the production of the BaxSryCazTiO3 66 sample nanoparticle library of candidate ORR 

catalysts. P1 is pump 1, P2 is pump 2 and P3 is pump 3. BPR stands for back-pressure regulator and CJM stands for 

Confined Jet Mixer. 

Physical characterisation 

Powder X-ray diffraction (PXRD) was performed on a STOE StadiP diffractometer (STOE, 

Darmstadt, Germany) to collect diffraction patterns in a 2θ range of 2-40°, with a step size of 0.5°, 

and a step time of 15 s using Mo-Kα radiation (λ = 0.7093 Å). 

Brauner-Emmett-Teller (BET) surface area measurements were carried out using a Micrometrics 

Tristar II (Micrometrics UK Ltd, Hertfordshire, UK) at the temperature of liquid nitrogen. The 

samples were degassed at 150 °C for 12 hr under N2 before measurements were taken.  

High-resolution transmission electron microscopy (TEM) was performed using a Jeol JEM 2100-

LaB6 filament (Joel, Hertfordshire, UK) was used to determine particle size and morphology. A 

small amount of material was sonicated in methanol until a uniform suspension was achieved. A 

Gatan Orius digital camera was used to capture images of the samples which were pipetted onto a 

300 mesh copper film grid (Agar Scientific, Stansted, UK). 

Electrochemical characterisation 

The electrocatalytic activity for the ORR was studied with the Rotating Ring Disk Electrode 

(RRDE) technique using a PINE instruments rotator (PINE Research Instrumentation, Durham, 

USA, AFMSRCE) and a Gamry 1000 potentiostat (Gamry, Pennsylvania USA). The RRDE 

electrode consisted of a catalyst coated glassy carbon disk (geometric surface area = 0.25 cm2) 

surrounded by a platinum ring (inner diameter 6.25 mm, outer diameter 7.92 mm). A three 

electrode RRDE cell (Adams Chittenden, Berkley, USA, model no. 946088) was used to carry out 

electrochemical measurements at room temperature. A platinum-wire (OD = 0.5 mm, Alfa Aesar, 

Lancashire, UK) was used as the counter electrode and a commercial Ag/AgCl electrode (BASi, 

Indiana, USA) was used as the reference. The electrolyte was 0.1 M NaOH solution prepared with 

deionised water and saturated with N2 or O2 (BOC, Guildford, UK) prior to each electrochemical 

measurement. The catalyst inks were made by mixing 5 mg as synthesised powder with 5 μL 

Nafion solution (5 wt% in water and lower aliphatic alcohols, Sigma Aldrich, Dorset, UK) and 2.5 

mL of a 3:1 deionised water: isopropyl alcohol solution (Sigma Aldrich, Dorset, UK) in an 
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ultrasonic bath (VWR, USC100T) for 30 mins. The working electrode was prepared by spin 

coating 10 μL of the catalyst ink (using an old PINE instruments rotator model number above) 

onto the surface of the glassy carbon electrode and drying under an IR lamp for 15 mins.  

Results and Discussion 

The dried nanopowders were obtained with yields of >90% for all 66 samples. All materials were 

free flowing, white/-off white powders after washing and subsequent drying steps. These as-

prepared powders were then used in the preparation of inks for use in the RDE experiments with 

no further treatments. XRF analysis was performed on the corners of the phase diagram to examine 

group 2 metal: titanium ratio. The actual Ba:Ti ratio was found to be 0.79:1, the ratio of Ca:Ti was 

found to be 0.89:1 and the ratio of Sr:Ti was found to be 0.80:1. The discrepancy between group 

2 metal and Ti is likely due to the high solubility of Group 2 metal nitrate in solution leading to an 

excess of Ti in the final material. Nominal compositions are used to refer to all materials 

henceforth. 

Phase identification: 
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Figure 2: PXRD data of as synthesised materials from a selection of the structure plot. a) shows the PXRD data along 

the barium-strontium axis in steps of 0.2 atomic percent, b) shows the same along the strontium-calcium axis and c) 

along the barium-calcium axis. d) compositional effects the PXRD in the centre of the structure diagram compared to 

the corners. Red: BaTiO3=ICSD collection code no. 8087131, blue: SrTiO3=ICSD collection code no. 7191532 and 

black: CaTiO3=ICSD collection code no. 6751932.  

The 66 samples were analysed using PXRD, which suggested that the materials were phase pure 

in all three corners of the phase diagram. The PXRD data for the binary barium-strontium titanate 

(fig. 2a) and the calcium-strontium titanate series (fig. 2b) suggests complete solid solutions 

formation across all compositions as expected from the relevant literature.33 Analysis of the PXRD 

peak positions for the (110) peak revealed that peak position shifted from 12.5 to 12.8 degrees in 

2θ for the Ba-SrTiO3 series, and from 12.8 to 13.1 degrees in 2θ for the Sr-CaTiO3 series. This is 
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in accordance with Vegards law where a change in ionic radii of the metal atom is expected to 

cause a linear change in lattice parameters, leading to a shift in observed peak position.34  

In contrast to the two binary systems above, the barium-calcium titanate system revealed that a 

single perovskite phase was only observed up to ca. 20 at% Ca dopant in the Ba titanate structure 

and visa versa for the Ba in the Ca titanate (fig. 2c). At  > 20 at% dopant levels, a separate calcium-

titanate and a barium-titanate like phase, respective, co-existed with the solid solution. This is 

unsurprising given the large size mismatch between the Ba2+ and Ca2+ (ionic radius 1.61 and 1.34 

Å respectively).35 A report by Durst et al. suggested that a continuous solid solution can only be 

formed between elements of similar crystal structures, identical valency, similar electronegativity 

and only when solvent and solute atoms are of not too different sizes.33 The percentage difference 

between the solute and solvent atoms must not exceed 15 %36 for complete solid solution 

formation. In the case of Ca and Ba, the size factor difference is in the order of 20%. 

 In the centre of the compositional phase diagram, only a single perovskite phase was observed, 

suggesting that the presence of some Sr2+ ions supported the stabilisation of a solid solution, even 

when significant amounts of Ba2+ and Ca2+ were present. Overall, PXRD peaks were sharper at 

high Ba or Ca content, suggesting a larger primary particulate size. The results from Scherrer 

analysis on the (110) PXRD peak at ca. 2θ = 14.5º for all PXRD patterns are represented in fig. 3, 

below.  
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Figure 3: Physical characterization data for the full composition diagram. The size of each ball corresponds to the 

size calculated from the Scherrer equation. The colour of each ball corresponds to the BET surface area. Those balls 

with a black dashed line represent materials with a phase impurity seen in the XRD along the Ba-Ca titanate system. 

The pink dotted lines split the diagram roughly into three distinct areas of PXRD size. 

The dividing pink lines on the diagram highlight three approximate regions separated by Scherrer 

size (crystallite domain size), calculated assuming spherical particles for all materials. Those 

within the pink dotted diamond (low Ba / low Ca) are in the size range of 5 to 11 nm, whereas 

those in the triangular areas (high Ba/ high Ca) are larger, in the size range of 12 to 16 nm. Only 

five materials had a dual phase present according to the PXRD (fig. 3, black dashed box) due to 

the miscibility gap, resulting from the size mismatch between Ba and Ca in the titanate (as 

discussed earlier). 

BET surface area measurements were carried out on all 66 materials with specific surface areas 

(SSA) in the range 54 to 116 m2 g−1 (see fig. 3). The full table of values can be found in the 

Supporting Information. The surface area in or around the corners of the composition diagram 
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were consistently higher than samples of group 2 titanates reported previously in the literature (8.5 

m2 g−1 for BaTiO3 to 75 for SrTiO3 m2 g−1),37–39 which is attributed to the relatively mild synthesis 

conditions. The BET data reveals that samples containing high at% Sr and Ca had the highest and 

lowest surface areas respectively. The full list of physical characterisation data can be found in the 

supporting information (table S2).  

TEM images (fig. 4) of the single metal titanates revealed that the size and shape of the individual 

titanates varied greatly depending on the composition. Samples containing higher at% of Ca had 

large differences in particle size and shape, suggesting Ostwald ripening of small particles into 

larger ones occurred to a greater extent. Cubes, rods and small circular particles were seen. 

However, materials high in Sr and Ba were largely irregular circular particles. This may have 

explained the slight discrepancies between the trends in Scherrer size and expected BET surface 

area, as those materials containing significant amounts of calcium may have significantly different 

surface area to volume ratios to the rest of the compositions.  

 

Figure 4: Transmission electron microscope images of as synthesised materials: a) BaTiO3, b) CaTiO3 and c) SrTiO3 

Electrochemical Characterisation: 

Initial electrochemical screening was undertaken using a Rotating Disk Electrode (RDE) and 

samples could be electrochemically screened in ca. 10 minutes each. Identical amounts (0.08 mg 

cm−2) of the as-prepared nanopowder catalyst was loaded onto a Glassy Carbon (GC) RDE which 

was then placed into an electrochemical cell containing O2 saturated 0.1 M NaOH. The catalyst 

layer was first pacified and then the disk was rotated at 4 speeds (400, 900, 1600 and 2500) and 

linear sweep voltammograms collected at 10 mV s−1. The current density was recorded at a fixed 
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potential of −0.5 V and a rotation speed of 900 rpm so that a comparison between all catalysts 

could be recorded. Current densities were calculated in relation to the geometric surface area of 

the RDE. Fig. 5) shows the typical voltammogram response seen by all the catalysts. The spacing 

between the current responses seen at different rotation speeds is related to the square of the 

rotation speed in line with the Kouteky-Levich equation.  

 

Figure 5: Current vs voltage responses of the BaTiO3 catalyst at four different rotation speeds. 

Fig. 6a) shows the variation seen in current density (taken at −0.5 V vs Ag/AgCl and 900 rpm) 

with composition. Values for all samples can be found in the Supplimentary information. It can be 

seen that the current density achieved was composition dependent; samples with high Ba content 

had more negative limiting current denisties than catalysts containing high Ca content, making 

those materials high in Ba better ORR catalysts. This suggests that the activity of the catalyats 

towards the ORR is directly related to the alkaline earth metal used in the A site. By comparing 

the SSA diagram to fig. 6a) it seems to suggest that an intermediate SSA is favoured for the ORR 

in this case. 
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Figure 6: a) Limiting current density taken at −0.5 V vs Ag/AgCl, b) Onset potential taken at a current density of −0.1 

mA cm−2. All data has been taken in O2 saturated 0.1 M NaOH electrolyte at 900 rpm.  

Fig. 6b) shows the onset potential of the ORR and has been taken when the current density reached 

−0.1 mA cm−2. The difference in onset potential shows less variety than the difference in current 

densities, with only samples at the corners of the triangular phase diagram showing significant 

variation. Both onset potential and current density are poor in the left-hand corner corresponding 

to high calcium content in the material. In direct comparison, the best performance is seen in the 

right-hand corner for both catalytic markers corresponding to high barium content.  

The best electrocatalyst highlighted from the combinatorial study was Ba0.8Sr0.2TiO3 with a high 

limiting current reached of −1.49 mA cm−2 at 900 rpm and a low onset potential of −0.2 V vs 

Ag/AgCl. To the authors knowledge this composition has never been reported as an ORR catalyst 

in the literature before. Comparing to h-BaTiO3 reported by Chen et al., the onset potential reported 

herein for BaTiO3 (0.84 V vs RHE) is shifted to a more positive value than previously reported 

(0.82 V vs RHE).14 This suggests that the CHFS synthetic route is a suitable method for the high 

through put synthesis of groups of transition metal catalysts to screen for areas of catalytic activity, 

as results are more positive than previously reported with no optimisation of synthetic conditions. 

Conclusions  
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A 66 sample library of Ca-Sr-Ba titanate perovskite nanoparticles was rapidly and consistently 

manufactured using a direct continuous hydrothermal synthesis approach. All the materials had 

the perovskite structure (SrTiO3 and BaTiO3-Cubic, CaTiO3 orthorhombic) although those along 

the binary CaxBa1−xTiO3 line, the co-existence of two perovskite solid solution phases was 

observed above 25 at% dopant (as expected) due to the large size mismatch between Ca2+ and Ba2+ 

ions. Due to the nature of the rapid hydrothermal synthesis method, the BET surface area 

measurements for the as-prepared catalysts were approximately 40 m2 g−1 higher than similar 

materials reported in the literature previously (that were made by solid state methods).  

Initial electrochemical screening for ORR electrocatalytic activity, revealed that materials high in 

Ba and low in Sr content had high electrocatalytic activity. In particular, sample Ba0.8Sr0.2TiO3 had 

a high current response for the ORR paired with a low onset potential. Overall, the samples in the 

library had gradual changes in properties, which further suggested that the CHFS routes offered a 

consistent method of manufacture which in turn facilitated comparison between the 

electrochemical and analytical data of the potential ORR catalysts. High throughput CHFS has 

proven to be a rapid and efficient method of synthesising libraries of materials to identify 

candidates for the electrocatalytic reduction of oxygen. 
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