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Compositionally graduated thin films of a SrTi1-xFexO3-y (STFO) perovskite electrocatalysts 

were successfully prepared by High Throughput Physical Vapour Deposition (HT-PVD) 

using evaporative sources. X-ray diffraction confirmed a continuous solid solution of the 

cubic perovskite structure with an increase in the lattice parameter with increasing x from 

0.392 ± 0.001 nm for SrTiO3 to 0.386 ± 0.001 nm for SrFeO3. A Raman mode corresponding 

to an O-stretching vibration was observed which is disallowed by symmetry in the cubic 

structure suggests a localised lattice distortion. The perovskites exhibited poor conductivity 

for low values of x (𝜌 < 7 x 10-8 S cm-1) but conductivity increased with increasing Fe content 

before reaching a plateau at 𝜌 = 0.041 S cm-1 for x > 0.75. Increasing electrocatalytic activity 

towards the oxygen evolution reaction (OER) with increasing Fe content was observed, 

characterised by a 100 µA onset potential varying monotonically from 1.52VRHE (x = 0.2) to 

1.40VRHE (x = 0.85). The high OER activity was however found to correlate with low 

electrode stability, consistent with the participation of lattice oxygen in the OER mechanism. 

The latter was evidenced by the redox electrochemistry associated with reversible oxygen 

intercalation. SrTi0.5Fe0.5O3-y exhibited the optimal composition with good OER activity and 

electrode stability. Low electrocatalytic activity towards the oxygen reduction reaction (ORR) 

was observed for all oxygen stoichiometric compositions. The ORR did not occur until after 

reduction of the films suggesting that surface reduction is required for the creation of the 

active surface sites. ORR activity on the oxygen sub-stoichiometric perovskites showed the 

opposite trend with compositional variation to OER activity on the oxygen stoichiometric 

perovskites. 
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1. Introduction 

Transition metal oxides provide several advantages over metal surfaces for catalysis of the 

ORR as well as the OER. Firstly, metal oxides are the thermodynamically stable state of 

most metals at potentials required for the ORR and OER. Additionally, oxide surfaces have 

redox and acid/base functionality which aids electron transfer and therefore electrocatalysis. 

Finally, metal oxides are much cheaper and more abundant than noble metal catalysts. 

Whilst many oxides have shown promise as ORR/OER catalysts due to their low over-

potentials, which are comparable to Pt catalysts, the reported current densities have been 

low since catalysis is kinetically limited on the oxide surface by poor electron transport [1]. 

The development of better oxide-based electrocatalysts is therefore linked to the reduction in 

the band gap of oxide materials and the concomitant improvement of electronic conductivity. 

One approach to the development of electronically conducting oxide electrocatalysts focuses 

on oxides with crystal structures containing multiple metal ions such as those with the spinel 

structure, A[B2]O4, and the perovskite structure, ABO3, which have also been investigated for 

their OER and ORR  activity [2-10]. These materials can support multiple metal cations at 

the A and B sites as well as oxygen vacancies which encourage redox activity. This has the 

effect of improving the mobility of electrons and oxide ions through the structure and as such 

improves the electronic and ionic conductivity. The significance of the introduction of redox 

activity into ORR/OER electrocatalysts extends beyond the improvement of electronic 

conductivity and there is evidence to support the involvement of redox reactions in the ORR 

and OER mechanisms. One example of this is in manganese oxides which have shown 

promise as ORR electrocatalysts in alkaline media [11-14]. Cao et al. [11] studied various 

different MnO2 catalysts and identified a link between the Mn3+/Mn4+ redox couple and ORR 

activity. They used voltammetry to observe that oxygen reduction current increased with 

increasing electro-reduction of the film and proposed that the ORR mechanism required the 

presence of Mn3+ which is then able to donate an electron to oxygen resulting in the 

oxidation of Mn3+ to Mn4+. 

We have applied a combinatorial synthetic methodology to produce compositional gradient 

thin films of SrTi1-xFexO3-y (STFO). SrTiO3 (STO) is an insulator with a band gap of 3.2 eV 

[15]. The conductivity can be improved by the substitution of Ti by Fe, and STFO adopts the 

cubic perovskite structure across the solid solution from SrTiO3 (STO) to SrFeO3-y (SFO) 

[16-18]. Importantly, Fe was selected in this investigation because the Fe4+ ion adopts a high 

spin d4 electronic structure which has been linked to high OER [3] and ORR [19] activity. 

STFO materials also have interesting redox properties since Fe is also able to adopt the 

Fe3+ oxidation state which creates oxygen vacancies in the lattice. The extent of oxygen 

deficiency in the lattice is represented above by the value of y. 
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2. Experimental 

2.1 Catalyst Synthesis 

Compositional gradient thin film samples were deposited by High Throughput (evaporative) 

Physical Vapour Deposition (HT-PVD) [20]. This approach has previously been employed to 

prepare complex oxides, including those with the perovskite structure, by including, together 

with Knudson cells or e-gun sources, a plasma atom source to provide oxygen atoms [21-

24]. Elements are deposited simultaneously using multiple off-axis sources, each source 

independently shadowed by a partial “wedge” shutter which controls the flux distribution 

across the substrate. Simultaneous mixing of the elements provides a low kinetic energy to 

solid state oxide formation providing a low temperature route to amorphous and crystalline 

stoichiometric oxides. The position of the wedge shutters determine the compositional region 

being deposited at the substrate  [20]. 

The HT-PVD deposition chamber has a base-pressure of ca. 1 x 10-9 mbar with pumping via 

a cryo-pump alongside a turbo-molecular pump backed by an oil-free rotary pump. Oxygen 

was introduced into the chamber either in molecular form, or as atoms generated using a 

plasma atom source (Oxford Applied Research). Ti (pellets, 99.995%, Testbourne) and Fe 

(granules, 99.95%, Testbourne) were evaporated from electron-beam evaporators. The Sr 

(pieces, 99.9%, Testbourne) evaporation was achieved from a Knudsen cell. The substrate 

was heated to 650 °C in order to induce direct crystallisation of the thin films during 

synthesis. 

The thin films were deposited onto 35 x 35 mm substrates of Si and SiN for characterisation. 

For electrochemical measurements, the films were deposited onto the 1mm2 pads of an 

electrochemical screening chip consisting of a 10x10 array of ITO electrode pads with tracks 

connecting to edge electrical contacts, in a geometry identical to that used (and described) 

elsewhere [25].  A layer of SiO2 was used to prevent contact of the ITO tracks with the 

electrolyte. A contact deposition (shadow) mask was used to limit film deposition to the area 

of the electrode pads: The windows of the mask were slightly larger than the electrode pads 

to ensure that all the ITO was covered in the deposition.	

2.2 Perovskite Characterisation 

The composition of the films was determined using an EDX micro-analyser (Oxford Inca 

300) coupled with a scanning electron microscope (Jeol, JSM 5910) for surface imaging so 

that EDX measurements could be performed at specific known points on the sample 

corresponding to the 100 discrete electrodes of the electrochemical array. The error in the 
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compositions obtained from EDX measurements was estimated to be ca. ± 2 at.%, 

corresponding to an error in x (where x = Fe/(Ti+Fe)) of ± 0.4%. The compositional region 

covered in this work were synthesised in two separate electrochemical arrays, with 100 

electrocatalysts on each array (Supplementary Information S.1). A P16 Stylus Profiler (KLA 

Tencor) was used to measure the thickness of the thin film catalysts, which were ca. 300nm 

in the region of the perovskite compositional tie-line.   

XRD data was obtained using a Bruker D8 instrument incorporating a C2 detector. Raman 

spectra were measured using a Raman microscope (Horiba Xplora) encorporating a 532 nm 

laser. The conductivity of the STFO thin films was calculated from the sheet resistance, 

measured with a Model 280DI Four-Point Probe Mapping System (Four Dimensions) and a 

Van der Pauw probe. The thin film perovskite was synthesised on a Si/SiN wafer for these 

measurements. 

2.3 Electrochemistry 

The high-throughput electrochemical measurements were made using a three-compartment 

electrochemical cell specifically designed to accommodate the high-throughput 

electrochemical array [26]. A printed circuit board was used to connect the external contact 

pads of the array to a 100-channel potentiostat via two 50-way cables.  A Pt mesh was used 

as a counter electrode inside a compartment separated from the main cell by a glass sinter. 

A Hg/HgO reference electrode was mounted inside a luggin capillary to reduce the effects of 

IR drop. 

The electrochemical behaviour of the electrode arrays was assessed by cyclic voltammetry 

recorded in 0.1 M KOH electrolyte at sweep rates of 5, 25 and 50 mV s-1. The voltammetry 

was recorded in both de-oxygenated electrolyte (bubbled with Ar for 20 minutes prior to the 

measurements) and in oxygenated electrolyte (bubbled with O2 for 20 minutes prior to the 

measurements). 

 

3. Results and Discussion 

3.1 Perovskite Characterisation 

X-Ray diffraction of the STFO films, prepared at 650 °C under atomic oxygen, confirmed a 

cubic perovskite structure across the SrTi1-xFexO3-y tie-line (Supplementary Information S.2) 

consistent with expectation from bulk materials [16-18]. Figure 1A shows the intensity of the 

(110) reflection in a compositional gradient thin film in the region of this tie-line, and shows 
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the predominance of the cubic structure over a large range of compositions. The (110) peak 

intensity is the highest (reflecting more extensive crystallisation) for the Fe substituted 

perovskites. This is counterintuitive considering their higher formation energy as a result of a 

poorer fit of the Fe ion (in either of its oxidation state) in the perovskite B site when 

compared to titanium: This should make them more difficult to prepare thermodynamically. 

This is likely to reflect the effectiveness of the atomic co-evaporation method incorporating a 

plasma atom source which provides a low temperature route to oxygen stoichiometric 

oxides. Figure 1B shows that as the Fe content of the samples increases, there is a 

systematic shift in the 2𝜃 position of the (110) Bragg reflection due to the contraction of the 

crystal lattice caused by the replacement of Ti4+ ions (r = 0.605 Å) with the smaller Fe4+ ions 

(r = 0.585 Å). There is little change in the lattice with the Sr concentration. Indeed, there is a 

linear change in 2𝜃 with the concentration of Fe corresponding to a linear dependence of the 

lattice constant with B site substitution (Supplementary Information S3), i.e. the solid solution 

obeys Vegard’s law between the two binary end members. What is striking about this result 

is that a range of bulk synthetic methodologies  [17] [27] [28]  [29] employing higher 

temperature conditions have not been successful in achieving such a solid solution 

chemistry of these cubic perovskite phases. We believe that this, again, reflects the 

advantages of the low temperature route to stoichiometric synthesis employed in this study.  

 

Figure 1 Ternary compositional plots showing (A) the variation in the intensity and (B) the 2𝜃 position 

of the cubic perovskite (110) Bragg reflection in XRD of thin films of SrTi1-xFexO3-y. The peak intensity 

was correct to account for variations in film thickness as measured by profilometry which varied from 

200 to 420 nm. Additional data is shown for the 2θ peak position from a sample deposited with low Ti 

content, this sample was however much thinner (ca. 100 nm) and intensity data could not be reliably 

obtained and corrected. 

Despite the lack of evidence of a lattice distortion from the diffraction data, Raman 

measurements (Supplementary Information S4) of the STFO samples were not consistent 

with a cubic structure in which all lines should be disallowed by symmetry rules. An O-

stretching vibrational mode was identified which had previously been observed in the 
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literature and assigned to a Jahn-Teller distortion which breaks they symmetry of the BO6 

octahedra by asymmetric relaxation of the B-O bonds [18].  

The Jahn-Teller distortion is thought to arise due to the presence of a single eg electron in 

the electronic structure of the Fe4+ ion which creates an un-equal charge distribution and is 

taken as evidence of the presence of the higher oxidation state. This theory does require the 

localisation of the eg electron which however should only be the case at low dopant 

concentrations since at a composition of x = 0.03 the electrons should be delocalised and 

form electronic bands [30]. Data taken from the SrTi1-xFexO3-y pseudo-binary line 

(Supplementary Information S4) showed that the line, which appeared at a wavenumber of 

710 cm-1 for compositions with low Fe content, decreased in intensity and moved to lower 

wavenumbers with increasing Fe content. This is consistent with a decreasing Jahn-Teller 

effect due to the delocalisation of the eg electron. However the observation of the O-

stretching mode up to compositions as high as x = 0.8 suggests another cause and could be 

evidence of a cation or vacancy ordered superstructure which causes variation in the M-O 

bond lengths and disrupts the symmetry of the MO6 octahedra. 

The electrical conductivity of the STFO compositional gradient films, prepared at 650 °C 

under atomic oxygen, has been measured using Van-der Pauw 4-point probe in combination 

with the thickness measurement using profilometry. The variation in conductivity over a 

compositionally graded thin film samples is shown in Figure 2A. For compositions where x < 

0.5, the conductivity was below the sensitivity of the instrument (ca. 1x10-6 S cm-1). For 

compositions where x > 0.5 a monotonically increasing conductivity, consistent with 

expectations based on the literature [17,	 31-33]. The dependence on Sr concentration is 

significantly lower. Figure 2B is a plot of the conductivity of the compositions close to the ideal 

perovskite phases SrTi1-xFexO3-y averaged along the tie line with Sr = 50 ± 5 at.% from (A). The 

conductivity of pure SFO is also included, and was measured on a uniform composition thin film of the 

perovskite. 
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Figure 2 A) Ternary compositional plot of compositional gradient thin films in the region of the 

perovskites SrTi1-xFexO3-y of thickness ca. 300nm synthesized under atomic oxygen at 650 °C. The 

colours show the variation in the electrical conductivity measured by Van-der Pauw 4-point probe. 

Grey data points show compositions which exhibited sheet resistivity which were too large to be 

measured by the instrument. B) The conductivity of the compositions close to the ideal perovskite 

phases SrTi1-xFexO3-y averaged along the tie line with Sr = 50 ± 5 at.% from (A). The conductivity of 

pure SFO was measured on a uniform composition thin film of the perovskite. 

 

The conductivity of pure SFO was 0.043 ± 0.01 S cm-1 which is lower than values for bulk 

SFO which  exceed 1 S cm-1 [34]. This may be associated with oxygen deficiency in the thin 

film sample, since oxygen deficient SFO containing a proportion of Fe3+ ions where electrons 

are localised are lower [35]. Indeed, comparison of our value for SFO to those of bulk 

samples [35] suggest that this oxygen deficiency may correspond to ca. y = 0.35. In the case 

of STFC perovskite composition (Figure 2B), the values that can be measured range from 

ca. 3 x 10-5 S cm-1 for x = 0.5, exponentially increasing with Fe concentration to 0.041 S cm-1 

for x = 0.75 where it remains constant.  In the region where conductivity could be measured, 

values are similar to bulk STFO materials prepared under an air atmosphere [32].  

3.2 Redox Behaviour and Stability 

Cyclic voltammetry recorded in deoxygenated 0.1 M KOH at sweep rates of 50, 25 and 5 mV 

s-1 for a single electrode (of a 100-electrode array) of SrTi0.5Fe0.5O3-y deposited by PVD 

under atomic oxygen at 650 °C is shown in Figure 3. The voltammetry is dominated by two 

redox couples R1 (A1/C1) and R2 (A2/C2) around 0.8VRHE and 1.4VRHE respectively, and 

oxygen evolution above 1.5VRHE. The peak currents associated with R1 and R2 are both 

linearly proportional to the sweep rate, indicative of the redox process of a surface bound 

species. The peak separation and broadness of A2/C2 are suggestive of slow electron 

transfer kinetics. 
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Figure 3 Cyclic voltammetry recorded in deoxygenated 0.1 M KOH at sweep rates of 50, 25 and 5 mV 

s-1 on a thin film array electrode with composition SrTi0.5Fe0.5O3-y deposited by PVD at 650 °C under 

atomic oxygen. Data shown is the second cycle. The voltammetry is dominated by a redox couple 

A2/C2 for which the potential and peak current of the peaks vary with sweep rate.  

 

The R1 redox couple has an equilibrium potential close to that reported (1.35 VRHE) for the 

Fe3+/Fe4+ redox on mixed Fe(OH)2 and Ni/Fe(OH)2 films [36,	 37]. The more dominant R2 

redox couple is present at lower potential and we suggest this peak arises from the redox of 

Fe ions in the perovskite lattice which is able to stabilise the Fe4+ oxidation state and as such 

lowers the equilibrium potential of the redox reaction. The R1 redox couple is therefore 

assumed to be associated with the Fe3+/Fe4+ redox of lower co-ordinated Fe ions in which 

the Fe4+ oxidation state is less well stabilised by the lattice. For the two chemical 

environments, the surface process is: 

𝐹𝑒%& − 𝑂𝐻* 𝑠 + 𝑂𝐻* 𝑎𝑞 ⇌ 𝐹𝑒0& − 𝑂	2* 𝑠 + 𝐻2𝑂	(𝑎𝑞) + 𝑒*																																						Equation 1 

The redox reaction is not however limited to a surface process and previous studies [38] 

have confirmed that for perovskites able to support oxygen vacancies, such as SrFeO3, 

oxide ions formed in this reaction can be intercalated into vacancy sites in the perovskite 

lattice by diffusion of O- which forms readily by charge transfer: 

𝐹𝑒0& s + 	𝑂2* 𝑠 ⇌ 		 𝐹𝑒%& s + 	𝑂*(𝑠)                                                                   Equation 2 

Since the redox reaction is not limited to the surface Fe sites and involves bulk Fe, the 

charge associated with this redox is expected to exceed that which would be expected for 

surface Fe sites alone: Indeed, this is observed experimentally. 

The ternary plots in Figure 4 show the variation in charge under the oxidation peak (A2) and 

reduction peak (C2) from the cyclic voltammetry (Figure 3) recorded in deoxygenated 0.1 M 

KOH (sweep rate = 50 mV s-1) on SrTi1-xFexO3-y model electrocatalyst thin films deposited by 

PVD at 650 °C under atomic oxygen. The SrTi1-xFexO3-y tie-line is shown by the dashed 

lines. The highest redox charge is observed at high Fe contents and at compositions lying 

close to the SrTi1-xFexO3-y tie-line, supporting the assignment of R2 to a Fe3+/Fe4+ redox 

couple in the perovskite structure. 
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Figure 4 Ternary plot with colour map showing the variation in charge under the oxidation peak (A2) 

and reduction peak (C2) from the cyclic voltammetry (Figure 3) recorded in deoxygenated 0.1 M KOH 

with a sweep rate of 50 mV s-1, on SrTi1-xFexO3-y model electrocatalysts in the form of thin films 

deposited by PVD at 650 °C under atomic oxygen. The SrTi1-xFexO3-y tie-line is shown by the dashed 

lines.  

 

The number of moles of Fe involved in the R2 redox process has been calculated from the 

geometric charge density of C2, and compared to the number of moles of Fe expected in the 

surface. This charge corresponds (Supplementary Information S5) to an equivalent of 

between 20-30 monolayers for SrTi1-xFexO3-y where x > 0.5.  This has assumed a roughness 

factor of 1, however even for a high roughness factor of 10 the result supports the 

supposition that the process involves a coupling of a surface redox (Equation 1) coupled to a 

bulk intercalation process (Equation 2).  

 

Figure 5 Ternary plot with colour map showing the variation in the equilibrium potential of the R2 

redox, calculated from EC2 + ((EA2-EC2)/2). Data obtained from cyclic voltammetry, recorded in 

deoxygenated 0.1 M KOH, on SrTi1-xFexO3-y model electrocatalysts in the form of thin films deposited 

by PVD at 650 °C under atomic oxygen.  
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The equilibrium potential of a redox reaction reflects the ease of addition of an electron to 

the oxidised species or conversely the removal of an electron from the reduced species. A 

negative shift in the potential of the redox process corresponds to a stabilisation of the 

oxidised state whilst a positive shift represents stabilisation of the reduced state. The 

equilibrium potential of the the Fe3+/Fe4+ redox couple R2 in the region of the STFO 

compositional range as shown in Figure 5, and reveals an increase in the equilibrium 

potential with increasing Fe concentration along the perovskite tie-line. This is consistent 

with an increase in the electron density in the Fe(3d) states with an increasing Fe/Ti ratio: 

The Fe(3d) states form anti-bonding interactions with the O(2p) orbitals and so an increase 

in electron density would be expected to weaken the M-O bonding and stabilise the reduced 

state. 

In order to investigate the stability of the perovskite electrocatalysts EDX measurements 

were taken on the samples before and after a series of the electrochemical experiments 

which included cycling between 0 VRHE and 1.6 VRHE at sweep rates of 5, 25 and 50 mV s-1 in 

oxygenated and de-oxygenated 0.1 M KOH solution. This does not establish the total loss of 

material, but provides an indication of preferential loss of any element as a result of 

dissolution in the electrolyte. Figure 6A shows the compositions of 100 catalysts around the  

SrTi1-xFexO3-y tie-line obtained from EDX measurements prior to electrochemical cycling. A 

series of these catalysts along the tie-line are high-lighted by red points. EDX measurements 

following electrochemical cycling of the same 100 catalysts are shown in Figure 6B. Striking 

is that compositions with Sr content in excess of the SrTi1-xFexO3-y tie-line undergo a 

significant compositional change upon electrochemical cycling particularly corresponding 

and this is most notable at the highest Fe contents. The compositions close to the SrTi1-

xFexO3-y tie-line, shown in red, appear quite stable although at the most Fe rich compositions 

there appears to be loss of Sr. These results are consistent with the trends in the equilibrium 

potential associated with the Fe3+/Fe4+ redox couple R2 (Figure 5). It should be noted that 

SrTi1-xFexO3-y perovskite catalysts prepared with molecular oxygen which are sub-

stoichiometric in oxygen (not shown) are considerably less stable than the more oxygen 

stoichiometric catalysts prepared using the plasma atom source.   
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Figure 6 Ternary plots showing compositions obtained from SEM-EDX on 100 STFO catalysts 

prepared at 650 °C using an oxygen plasma before (A) and after (B) a series of electrochemical 

experiments, including cycling between 0 VRHE and 1.6 VRHE. A series of points have been highlighted 

in red which sit along the tie line before electrochemical cycling so that their position after cycling is 

highlighted after cycling. 

3.3 Oxygen Evolution and Oxygen Reduction Activity 

Oxygen evolution (OER) activity was measured simultaneously on an array of 100 catalysts 
using cyclic voltammetry, recorded in deoxygenated 0.1 M KOH electrolyte at a sweep rate 
of 5 mV s-1. This was carried out for compositions in the region of the SrTi1-xFexO3-y tie-line, 
synthesising the perovskites using an oxygen plasma. Some examples of the OER currents 
for selected compositions along the tie-line are shown in the Supplementary Information S6. 
Increasing the Fe content in the perovskite leads to an increase in the OER activity. This is 
summarised in Figure 7 which shows plots in ternary compositional space of the variation in 
the OER current density at 1.6 VRHE, and the OER ignition potential at 100 µA for the 100 
catalysts around the pseudo-binary tie line of SrTi1-xFexO3-y. Oxygen evolution activity 
increases with both increasing Sr and Fe concentrations, as measured by both the current 
density and the ignition potential. While Sr rich compositions with respect to the tie-line 
exhibit OER activity, Sr poor compositions have lower activity. Compositions which are Sr 
rich with respect to the tie-line have been shown to be unstable (Figure 6) and hence it is the 
perovskites SrTi1-xFexO3-y which are of most interest.  
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Figure 7 Ternary compositional plots around the perovskite SrTi1-xFexO3-y tie-line showing the OER 

activity measured in cyclic voltammetry (deoxygenated 0.1 M KOH at a sweep rate of 5 mV s-1) 

simultaneously on 100 catalysts: A) current density at 1.6 VRHE and B) ignition potential at 100 µA. 

Examples of the cyclic voltammetry from which the data has been extracted are shown in the 

Supplementary Information S6.  

There is a monotonic increase (Figure 7) in OER activity with increasing Fe concentration in 
SrTi1-xFexO3-y. The onset (ignition) potential at 100 µA and the current density at 1.6 VRHE of 
the OER reaction for SrTi1-xFexO3-y as a function of x is shown in Figure 8A and Figure 8B 
respectively. The perovskite has been synthesised using the plasma atom source at a 
substrate temperature of 650ºC. The results have been extracted from the 100 catalyst 
measured in Figure 7 with a perovskite stoichiometry 50+/- 5 at% Sr. The onset potential 
decreases quickly for x < 0.5 and at higher Fe concentrations, the onset potential reduces 
more slowly. The current density shows a concomitant increase which is near linear up to x 
= 0.7, then shows a small decrease before increasing again at x = 7.5. We do not associate 
any apparent changes in catalytic activity (or redox behaviour) with the change in 
conductivity of the perovskites, despite the fact that the lower OER currents are observed on 
the more resistive oxides (Figure 2). There is no indication of an IR contribution in any of the 
electrochemical measurements, and the films are sufficiently thin to present a conductivity 
sufficient for the electrochemical measurements.  The change in the trends is assumed to 
relate to a change in the mechanism from an adsorbate based mechanism at lower values of 
x to a mechanism involving participation of lattice oxygen. Previous studies [41] suggest that 
mechanisms involving participation of lattice oxygen offer higher activity but lower catalyst 
stability, this is consistent with the results of stability tests presented in Figure 6. 
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Figure 8 Variation in the onset (ignition) potential at 100 µA with varying Fe content, x, of SrTi1-xFexO3-

y electrodes deposited by PVD at 650 °C under atomic oxygen. Variation in current density at 1.6 VRHE 

with varying Fe content, x, of SrTi1-xFexO3-y electrodes deposited by PVD at 650 °C under atomic 

oxygen. 

 

Oxygen reduction on the SrTi1-xFexO3-y catalysts prepared at 650°C with an oxygen plasma 

(the most oxygen stoichiometric oxides) was characterised by a large overpotential for the 

reaction. Cyclic voltammetry for a SrTi0.5Fe0.5O3-y catalyst deposited under atomic oxygen is 

shown in Figure 9 restricting the maximum anodic potential to 1.2VRHE (1.15 VRHE initial 

potential, first scan positive) : The result is shown for measurement in de-oxygenated 0.1 M 

KOH (black) and oxygenated 0.1 M KOH (red). The cathodic scan in both cases is 

characterised by the reduction of the surface through C2 (Figure 3). In the case of the 

oxygenated electrolyte, this is accompanied by oxygen reduction below 0.3VRHE. This is 

consistent with the model for oxygen reduction on a perovskite surface which is the 

displacement of the surface hydroxide on a reduced surface by oxygen [3]. This step is 

followed by the formation of surface peroxide. To show that the oxygen reduction observed 

at 0.3VRHE on oxygen stoichiometric SrTi1-xFexO3-y was associated with the rate determining 

peroxide 2e- reduction step, experiments were carried out in deoxygenated 0.1 M KOH 

containing 5 mmol of hydrogen peroxide (not shown): A reduction wave identical to that 

shown for the ORR reaction in oxygenated electrolyte in Figure 9A was indeed observed.  

In order to explore the sensitivity of the ORR reaction to the oxygen stoichiometry of the 

SrTi1-xFexO3-y, similar experiments were carried out on catalysts prepared using molecular 

oxygen, rather than using a plasma of atomic oxygen. The oxides synthesised exhibit the 

perovskite structure, but the lower chemical potential during synthesis is likely to result in 

oxygen sub-stoichiometry. The results in Figure 9B show the cathodic scan in cyclic 

voltammetry in an oxygenated electrolyte, for a series of oxygen sub-stoichiometric 

A 

B 
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perovskite catalysts with varying Fe contents (x). The reduction associated with the R2 

redox, C2, is much less prominent for all compositions than in the oxygen stoichiometric 

perovskite. Immediately following the oxide reduction in the cathodic scan, oxygen reduction 

is observed below 0.58VRHE. A second oxygen reduction wave is also observed at 0.3VRHE. 

This second wave of oxygen reduction is at the same potential as that observed on the 

oxygen stoichiometric perovskite (Figure 9A) and is therefore also likely to be associated 

with the 2e- reduction of the surface peroxide species. It is therefore tempting to speculate 

that the second oxygen reduction observed at the higher potential (the lower overpotential) 

is associated with a 4e- process, although this has not been confirmed experimentally. What 

is clear, however, is that an additional channel for oxygen reduction at lower overpotential 

has become available on the oxygen sub-stoichiometric oxides. The onset potential for the 

ORR reaction at 0.58VRHE on the oxygen sub-stoichiometric perovskites is found to reduce 

as x increases to x = 0.5 (Figure 9B), and is constant at higher concentrations of Fe in the 

lattice.    

 

 

Figure 9 A) Cyclic voltammetry recorded in deoxygenated (black) and oxygenated (red) 0.1 M KOH at 

a sweep rate of 50 mV s-1 for an electrode of composition SrTi0.5Fe0.5O3-y deposited by PVD at 650 °C 

under atomic oxygen. B) Cyclic voltammetry recorded in oxygenated 0.1 M KOH at a sweep rate of 5 

mV s-1 for oxygen sub-stoichiometric (synthesized with molecular oxygen) SrTi1-xFexO3-y catalyst 

compositions of varying x. 

This is exemplified clearly in Figure 10, where the compositional dependence of the onset 

potential for ORR, defined for a current of 50 µA and extracted from slow scan voltammetry 

(Figure 9) on 100 electrocatalysts in a thin film SrTi0.5Fe0.5O3-y library is presented. The 

catalysts have been synthesized using molecular oxygen in order to produce oxygen sub-

stoichiometry in the perovskites. The highest onset potential (i.e. the lowest overpotential for 

ORR) is observed for low concentrations of Fe (low values of x), and increasing the Fe 

A B 



	 15	

content to x = 0.3 decreases the onset potential which subsequently remains relatively 

constant in the range 0.3 < x < 0.7. There appears, therefore to be an anti-correlation 

between the activity for ORR (Figure 10) and OER (Figure 8) all be it on the oxygen sub-

stoichiometric, and stoichiometric perovskites respectively.  

 

Figure 10 A plot showing variation in the onset potential (VRHE) at 50 µA for the ORR with varying Fe 
content for a SrTi1-xFexO3-y thin film library synthesised with molecular oxygen.  

	

4. Conclusions 

Perovskite thin films with compositions SrTi1-xFexO3-y were successfully deposited by HT-

PVD at 650 °C using a 500 W oxygen plasma. The use of this reactive oxygen source 

combined with atomic evaporation sources for deposition of the metallic elements allowed 

for intimate mixing of the elements and lowered the energy of formation of the crystalline 

perovskite material. They enabled the use of a lower temperature for synthesis than that 

required for traditional solid-state synthesis methods.	

X-ray diffraction measurements confirmed a cubic perovskite structure for the thin films of 

composition SrTi`1-xFexO3-y for all values of x. Lattice constant refinements confirmed a linear 

decrease in the lattice constant of the perovskite cell with increasing Fe content from 0.392 ± 

0.001 nm for SrTiO3 to 0.386 ± 0.001 nm for SrFeO3. This is in accordance with Vergard’s 

law for metallic alloys and provides evidence that the film constitutes a homogeneous solid 

solution with crystallites which contain both Fe and Ti cations. The presence of vibrational 

lines in the Raman spectra which would be disallowed by symmetry for the cubic perovskite 

structure suggests however that localised distortions from the cubic structures may occur. 

Conductivity measurements on the oxygen plasma-prepared thin film samples using the Van 
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der Pauw 4-point probe method showed an increase in conductivity with increasing Fe 

content consistent with previous studies [17, 31-33]. 

Cyclic voltammetry of the STFO films deposited onto electrode arrays revealed redox activity 

which was strongly correlated with the Fe content of the films and believed to correspond to 

the oxidation and reduction of Fe ions which occurs alongside the intercalation of oxygen 

into oxygen vacancy sites, as shown in Equation 3. Two distinct sets of redox peaks were 

identified and assigned to Fe in different chemical environments in the perovskite. 

𝐹𝑒%& − 𝑉7 −	𝐹𝑒%& + 2𝑂𝐻* ⇌ 𝐹𝑒0& − 𝑂 − 𝐹𝑒0& + 𝐻2𝑂 + 4𝑒*	 	 	 Equation 3	

The number of moles of Fe involved in the redox reaction was calculated from the Faradaic 

charge under the redox peaks and was found to greatly exceed the number of moles of Fe 

estimated to be present at the electrode surface. This is explained by the ability of the 

perovskite lattice to intercalate the surface oxygen into the bulk lattice by diffusion of oxygen 

to vacancy sites which frees up the surface ions to participate in further reaction. This 

process was found to be reversible with oxygen also being removed from the lattice upon 

reduction. This reversible electrochemical intercalation of oxygen has previously been 

observed for SrFeO3-y [38-40] but no literature studies on the electrochemical redox of the 

STFO material could be found.	

The electrocatalytic activity of the STFO perovskites towards oxygen evolution was found to 

be tuneable with composition. High OER activity, characterised by over-potentials as low as 

0.2 V, was found for compositions with x > 0.5 and close to or higher than stoichiometric Sr 

content (Sr ≥ 50 at.%). The high OER activity was however found to correlate with low 

stability of the electrodes towards electrochemical cycling. It is also proposed that the 

favourable activity in this region of compositional space arises from participation of lattice 

oxygen in the OER mechanism. The facile exchange of lattice oxygen may also be linked to 

the catalyst instability.	

OER mechanisms involving lattice oxygen have been proposed as an alternative to the 

usual “adsorbate” mechanism in which all of the oxygen evolved originates from the solution 

[5, 41, 42]. The adoption of this mechanism relates to the ability of a catalyst to support 

oxygen vacancies and has been predicted for SrFeO3-y [42]. Whilst the adoption of the lattice 

oxygen mechanism results in high OER activity there is a clear link with poor electrode 

stability and so a balancing act between the two factors is required to identify a material with 

optimal properties for practical application in a fuel cell environment [5, 42]. For the STFO 

materials investigated in this work an optimal composition of SrTi0.5Fe0.5O3-y would be 
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recommended as the OER activity shows no significant increase with Fe content above this 

point whilst there is a significant decrease in the electrode stability. 	

The electrocatalytic activity of the STFO perovskites towards oxygen reduction was less 

impressive as the reaction did not occur on oxygen stoichiometric oxide surface. It is 

therefore assumed that for ORR electrocatalysis the reduced protonated surface must be 

accessible as the bonding in the Fe4+-O2- is too strong for displacement by the oxygen 

molecule. This highlights the importance of considering the reaction surface when selecting 

candidates for electrocatalysis, and in particular the equilibrium potential of the redox 

reactions. It is interesting to note that ORR activity on the oxygen sub-stoichiometric 

perovskites showed the opposite trend with compositional variation to OER activity on the 

oxygen stoichiometric perovskites. 
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