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ABSTRACT: Metal oxynitrides adopting the perovskite structure have been shown to be visible light activated photocata-
lysts, and therefore have potential as self-cleaning materials, where surface organic pollutants can be removed by photo-
mineralization. In this work, we establish a route for the deposition of thin films for seven perovskite oxynitrides, CaTaO2N, 
SrTaO2N, BaTaO2N, LaTaON2, EuTaO2N, SrNbO2N and LaNbON2, on quartz and alumina substrates using dip-coating of a 
polymer gel to form an amorphous oxide precursor film, followed by ammonolysis. The initially deposited oxide films were 
annealed at 800 °C, followed by ammonolysis at temperatures from 850 °C to 1000 °C. The perovskite oxynitride thin films 
were characterized using XRD and EDX, with band gaps determined using Tauc plots derived from UV-vis spectroscopic 
data. A cobalt oxide co-catalyst was deposited onto each film by drop casting and the photocatalytic activity assessed under 
visible light using dichloroindophenol dye degradation in the presence of a sacrificial oxidant. The light source used was a 
solar simulator equipped with a 400 nm cut-off filter. The dye degradation test demonstrated photocatalytic activity in all 
samples except EuTaO2N and BaTaO2N. The three most active samples were SrNbO2N, CaTaO2N and SrTaO2N. The cobalt 
oxide loading was optimized for these three films and found to be 0.3 µg cm-2. Further catalytic tests were conducted using 
stearic acid degradation, and this found the film of SrNbO2N with cobalt oxide co-catalyst to be the most active for complete 
mineralization of this model pollutant.

INTRODUCTION 
Oxynitride perovskites have been shown to be effective 

photocatalysts for the production of hydrogen from water 
– catalyzing the so-called water splitting reaction – by har-
vesting energy from visible light.1-5 More recent reports 
have shown that perovskite oxynitrides can also photocata-
lytically degrade dye molecules under visible light irradia-
tion, indicating their potential for water purification appli-
cations.6, 7 In this paper, we explore the opportunity of us-
ing perovskite oxynitrides for visible light activated self-
cleaning applications, and therefore the synthesis of these 
materials as thin films. 

There has been widespread commercialization of tita-
nium dioxide films in ‘self-cleaning’ windows where the 
photocatalyst coating, activated by UV light, photo-miner-
alizes organic species into water and carbon dioxide, and 
any heteroatoms into water soluble mineral acids.8 Photo-
catalytic mineralization proceeds with absorption of light 
to form electron-hole pairs that can generate reactive oxy-
gen species such as superoxide or hydroxide radicals by re-
action with surface bound atmospheric oxygen and water. 
Evidence for this has been provided by quenching experi-
ments that show that photocatalytic activity is reduced in 
the presence of hole and superoxide scavangers.9, 10  The 

self-cleaning reaction has also been demonstrated to be 
able to destroy bacteria by decomposition of the cell mem-
brane.11, 12 Photocatalytically active titania films can also be 
used for air purification by removal volatile organic com-
pounds (VOCs).13 There would be significant commercial 
value in a photocatalyst coating that could demonstrate 
this self-cleaning and antibacterial activity but making use 
of the visible light available in enclosed and indoor envi-
ronments. 

The key requirement for a visible light activated photo-
catalyst is a bandgap smaller than 3 eV so that visible light 
photons can be absorbed, but still sufficiently large to re-
tain band edge energies with the necessary oxidizing and 
reducing power to generate the reactive oxygen species re-
quired for self-cleaning.14, 15  The perovskite oxynitrides 
ABON2 and LaBO2N, where A = Sr, Ba, Ca or Eu and B = Nb 
or Ta, are strongly colored compounds with visible light 
band gaps,16-20 due to the presence of the more electropo-
sitive nitride ion raising the valence band maximum and 
decreasing the band gap relative to similar perovskite ox-
ides .21 Prior work on the formation of thin films of the per-
ovskite oxynitrides has focused on magneton sputtering or 
pulsed laser deposition (PLD). PLD has been used for the 
formation of BaTaO2N and SrTaO2N.22, 23 Radio frequency 



 

magnetron sputtering has been used for SrTaO2N and LaN-
bON2 with substrate temperature of 300 °C to 1000 °C.21, 24 

The perovskite oxynitrides have been investigated as wa-
ter splitting visible light activated photocatalysts, with ev-
idence of oxygen evolution from LaTaO2N, SrTaO2N and 
LaNbO2N in the presence of silver nitrate as a sacrificial re-
ductant.25-27 SrNbO2N and BaTaO2N have both demon-
strated overall water splitting with a platinum counter 
electrode under bias in photoelectrochemical experi-
ments.28, 29 Overall water splitting without a bias on parti-
cles of CaTaO2N has been observed.30 For all of these ex-
amples a co-catalyst or co-catalysts were necessary.31 Of 
greater relevance for self-cleaning applications powder 
particles of oxynitride photocatalysts have also been as-
sessed by dye degradation tests. In these tests methyl or-
ange was used and activity observed SrNbO2N, CaTaO2N 
and CaNbO2N. These rates were seen to increase signifi-
cantly (up to a factor of 20) with the addition of a cobalt 
oxide co catalyst. 6, 7 

Dye degradation tests are often used as a method to es-
tablish the self-cleaning ability of a photocatalyst, or as a 
proxy for contaminated water sources. In these tests the 
photocatalyst is submerged in a solution of the dye and ex-
posed to a light source. The degradation of the dye can be 
indirectly monitored by measuring the intensity of the vis-
ible absorption band of the dye. The most commonly used 
dye is methylene blue,32 the degradation of which has been 
defined as an ISO standard test.33 The dyes resazurin and 
dichloroindophenol (DCIP) have also been investigated 
with the advantages of faster kinetics and reduced sensitiv-
ity to re-oxidation respectively.34 Dye tests can provide a 
rapid and convenient method for assessing the photocata-
lytic ability of a material but it should be understood that 
with spectroscopic monitoring full mineralization of the 
dye molecule is not typically being observed.35 Instead an 
initial reduction or oxidation, depending on the dye, leads 
to conversion to a colorless form. Further oxidation can oc-
cur for full mineralization, but this is not directly observed 
by the loss of color in the solution. Dye tests can be con-
sidered as a necessary but not sufficient test for evidence 
of self-cleaning behavior. A more definitive test for thin 
films is the mineralization of stearic acid.35, 36 Stearic acid is 
a long chain fatty acid which is a good proxy for greasy con-
taminants or the lipids in cell membranes, and the degra-
dation of which can be monitored directly by infra-red 
spectroscopy of the C-H absorption peaks.  

In this paper, we report a method for depositing adherent 
thin films of perovskite oxynitrides using a two-step ap-
proach; in the first stage, dip coating is used to deposit a 
precursor oxide film, which is then annealed under an am-
monia atmosphere to yield a thin film of the oxynitride. 
The films can be deposited onto both alumina and quartz 
substrates. We demonstrate this for seven tantalum and 
niobium perovskite oxynitrides, which we subsequently 
decorate with a cobalt oxide co-catalyst. The photocata-
lytic ability of each thin film is established using DCIP dye 
tests, and the most active samples, SrTaO2N, CaTaO2N and 

SrNbO2N are assessed using the stearic acid test, demon-
strating full degradation of an organic contaminant under 
a visible light source. 

 
EXPERIMENTAL METHODS 
Thin film synthesis. Thin films of seven perovskite ox-

ynitrides (ATaO2N, A = Eu, Sr, Ba, Ca; SrNbO2N; LaNbON2 
and LaTaON2) were synthesized by ammonolysis of thin 
films of their respective amorphous oxide precursor, and 
then decorated with cobalt oxide co-catalyst nanoparticles. 
The oxide precursor films were prepared via the polymer-
isable complex method.37 For this, a precursor solution was 
prepared by dissolving 0.89 mmol of TaCl5 (Sigma-Aldrich, 
99.99%), or NbCl5 (Sigma-Aldrich, 99.9%),  in 6.5 ml of 
methanol (Fisher Scientific, technical grade) and then add-
ing a 10% molar excess of the appropriate carbonate,  
Eu2(CO3)3 (Alfa Aesar, 99.99%), CaCO3 (Sigma-Aldrich), 
SrCO3 (Sigma-Aldrich, 99.9%) or La2(CO3)3 (Sigma-Al-
drich, 99.9%). Where BaCO3 (Sigma-Aldrich, 99.98%) was 
used, a 50 % mol excess was needed to avoid formation of 
tantalum or niobium rich by-products. The mixtures were 
stirred at room temperature until complete dissolution of 
the precursors, after which 19.86 mmol of citric acid 
(Sigma-Adrich, 99.5%) and 76.8 mmol of propylene glycol 
(Sigma-Adrich, 99.5%) were added. The overall ratio of 
metal: citric acid: propylene glycol used was 1:11:43. The so-
lution was then heated at 120 °C for 90 mins until complete 
evaporation of the methanol leading to the formation a 
transparent resin. CAUTION: This stage leads to the 
evolution of toxic methanol fumes and should be car-
ried out in a fume hood.  

For film formation, a gel of appropriate viscosity was 
formed by re-adding 30 wt% methanol to the resin and 
sonicating on an ultrasound bath for 180 seconds to ensure 
homogeneity. A layer of the gel was deposited onto a 25 × 
25 × 1 mm3 substrate using dip coating, with a 1 mm s-1 im-
mersion and withdrawal speed, and an immersion time of 
30 seconds. The dip coating solution was 5 ml of the gel 
dropped onto 20 ml of tetradecafluorohexane (Sigma Al-
drich, 95%). This innovative approach was developed by 
Ceratti et al so that a superficial layer of the dip-coating gel 
will float on the more dense but inert fluoroalkane and al-
low dip-coating with the minimum quantity of gel.38 This 
improves the atom efficiency, and the tetradecafluorohex-
ane can be decanted and reused. The gel-coated substrates 
were heated in air for 1 hour at 350 °C, 1 hour at 650 °C and 
finally 2 hours at 800 °C. At each stage the heating rate was 
10 °C min-1.  The heating cycle converted the gel to a metal 
oxide thin film which was then nitrided by placing the 
coated substrate on a semi-circular carbon block inside a 
25 mm diameter fused silica tube in a tube furnace, under 
a flow of ammonia gas (anhydrous, BOC). Reactions were 
carried out for 15 hours at temperature between 850 °C to 
1000 °C depending upon the sample, with a heating rate of 
3 °C and an ammonia flow rate of 250 ml min-1. The samples 
were cooled down to room temperature under an ammonia 
atmosphere.  



 

The substrates used were either alumina tile (Almath), or 
silica (UQG optics) coated with a thin layer of alumina. The 
alumina coating on the silica acted as a barrier layer to pre-
vent the silica reacting with the alkali metals in the perov-
skite thin films, and was deposited in-house using aerosol 
assisted chemical vapor deposition (AACVD) using a pre-
viously reported method.39 For this, 0.2 g of aluminum 
acetylacetonate (Sigma Aldrich, 99%) was dissolved in 20 
ml of methanol and placed in a 50 ml three-neck round-
bottom flask. A piezoelectric device was used to generate 
an aerosol mist of the aluminum precursor solution, which 
was subsequently transported into the AACVD reactor un-
der a flow of argon gas (BOC, Pureshield).40 The reactor 
temperature was set at 500 °C and the gas flow to 1 L min-1. 
After deposition, the alumina-coated silica was annealed in 
air at 1100 °C for 10 hours with a 3 °C min-1 heating rate. 

Cobalt oxide co-catalyst particles were deposited onto 
the thin films, to enhance the photocatalytic rates, using a 
procedure modified from the literature.41, 42 The co-catalyst 
concentration was studied at nominal surface concentra-
tions of 0.04 µg cm-2 to 0.46 µg cm-2. To load the surface of 
the film with cobalt oxide co-catalyst particles a solution 
4.1 × 10-5 mol dm-3 of Co(NO3)2⸱6H2O in acetone was pre-
pared, and aliquots containing the desired amount of co-
balt (0.625 ml, 0.25 ml, 0.5 ml  or 0.75 ml) were dropped 
onto the surface of the thin film. The acetone was allowed 
to evaporate in air, and then the samples were heated to 
700 °C under a flow of 250 ml min-1 of ammonia gas for 60 
min, leading to metallic Co-nanoparticles. The active CoOx 
co-catalyst was obtained by mild oxidation in air at a tem-
perature of 200 °C for 60 mins. 

Thin film characterization. The perovskite thin films 
were characterized using grazing incidence x-ray diffrac-
tion (GI-XRD) collected using a Rigaku Smartlab diffrac-
tometer, operating with a rotating anode source (45 kV, 
200 mA) with an incident angle of 1° across a two theta 
range of 10° to 80° and a step size of 0.02°, and collection 
times of 15 mins. Where appropriate, diffraction data were 
modelled using the Le Bail method, implemented in the 
GSAS-II software package.43 

Diffuse reflectance data were collected from the thin 
films in the wavelength range 300-900 nm using a Perkin 
Elmer Lambda 750S spectrometer. Tauc plots were used to 
determine the band gaps of the perovskite films, with the 
absorption co-efficient determined from the film reflectiv-
ity using the Kubelka-Munk equation.44 

SEM images were collected using a FEI Nova NanoSEM 
450 FEG-SEM operating at 5 kV without coating using a 
CBS detector and a working distance of 5 mm.  EDX map-
ping was carried out on the same instrument operating at  
18 kV.  

X-ray photoelectron spectroscopy (XPS) was carried out 
on a Thermo Fisher Scientific K-Alpha instrument, using 
Al Kα radiation (1486.6 eV) and operated in constant ana-
lyser energy mode. Samples were introduced into the vac-
uum chamber held at a base pressure of 5 x 10-9 mbar, and 
the incident X-ray beam focused to a 400 micron spot at 
the sample surface, which defined the analysis area. Survey 

spectra and high resolution spectra were taken with pass 
energies of 200 eV and 50 eV respectively. Charge neutral-
ization was carried out using a dual beam Ar+ and electron 
flood gun. Charge correction of spectra was carried out us-
ing the adventitious C1s, which was set to a binding energy 
of 284.6 eV. 

Photocatalytic Analysis. The photocatalytic ability of 
each the co-catalyst loaded perovskite thin films was ini-
tially assessed through decoloration of a dye in the pres-
ence of a sacrificial oxidant, with a LS0104 150W Xenon 
lamp solar simulator as the light source, equipped with a 
400 nm cut-off filter. The dye used was 2,6-Dichloroindo-
phenol (DCIP, Acros 98+%), and the sacrificial oxidant 
glycerol (Fisher, reagent grade).34 The reaction was carried 
out in a double-jacketed glass vessel with water re-circula-
tion at 15 °C in order to prevent heating of the test solution 
from the light source.  The thin film samples were im-
mersed in 12 ml of an aqueous solution of 5.5×10-5 mol dm-3 
DCIP and 1.26×10-2 mol dm-3 glycerol, agitated by a mag-
netic stirrer. The radiation intensity of the solar simulator 
as measured at the position of the sample was 509 mW 
cm-2. [Caution: solar simulators are intense UV 
sources than can cause skin and eye damage]. Dye con-
centration was monitored by extracting 3.5 ml aliquots of 
solution and recording the visible light absorption over the 
range 400-800 nm, using a PerkinElmer Lambda 25 spec-
trometer. Aliquots were then returned to the solution. 
Prior to starting the test, the immersed samples were kept 
in the dark until an equilibrium with dye adsorption had 
been reached, as determined by three consecutive, con-
stant absorption measurements. Once this was achieved 
the solar simulator was switched on, and aliquots with-
drawn at 30 min intervals up to 180 mins. 

Further photocatalytic testing for the most active sam-
ples was conducted using the stearic acid degradation 
test.36 Our protocol required transparent samples, so the 
perovskite films were deposited onto alumina-coated 
quartz, as detailed above. Dip-coating was then used to de-
posit a thin layer of stearic acid (Fisher scientific, 98%) 
onto the samples, from a 0.025 mol dm-3 solution of stearic 
acid in dichloromethane (Immersion time of 30 s, 1 mm s-1 
withdrawal speed). IR spectra were collected over the 
range 3000-2800 cm-1  using a Perkin Elmer 100 FTIR spec-
trometer, where 1 cm-1 of integration of the C-H stretching 
bands is equivalent to 9.7 ×1015 molecules of stearic acid.45 
A baseline measurement was recorded on the coated films 
and then the samples were placed under the solar simula-
tor described above, and removed at regular intervals to 
recollect the IR spectra to monitor the degradation of the 
stearic acid layer, up to a total time of 120 mins. 

RESULTS AND DISCUSSION 
Thin film synthesis and characterization. Seven per-

ovskite oxynitride (CaTaO2N, SrTaO2N, BaTaO2N, LaT-
aON2, EuTaO2N, SrNbO2N and LaNbON2) were selected 
based on prior observation, with powder samples, of visible 
light activated photocatalysis. Thin films of these compo-
sitions were synthesized by ammonolysis of oxide precur-
sor thin films, deposited onto alumina tiles. 



 

Figure 1. (Left and center) X-ray diffraction patterns of the perovskite oxynitride thin films deposited onto alumina substrates. 
Grey bars indicate the position of the peaks corresponding to the alumina substrate, tick marks correspond to the positions of the 
peaks expected for each of the perovskite phases. Asterisk (*) indicates impurity phase found in BaTaO2N film. (Right) Plot of the 
volume per formula unit for each of the perovskite phases, red circles labelled AB, based on the formula AB(ON)3, and comparison 
to previously published literature values, grey triangles.	

The opaque alumina substrates were used as these are in-
ert to reaction with the perovskites at the elevated temper-
atures needed for ammonolysis.   The oxide precursor films 
were deposited using dip coating from a gel made using the 
polymerisable complex method. In this approach, some-
times known as the citrate gel method, the desired cations 
are chelated with citric acid, and then a polymer is formed 
through condensation with glycol, thus providing an even 
distribution of the cations which can be maintained after 
dip-coating and calcination of the gel film.37 This avoids 
the segregating of cations that could occur from deposition 
from solution due to inhomogeneous crystallization rates. 
After dip-coating and annealing in air the amorphous films 
formed in all cases were transparent and could only be ob-
served visually on the substrate with difficulty. 

Each oxide film was converted to the perovskite oxyni-
tride through high temperature ammonolysis with a 15-
hour reaction time. Ammonolysis conversion of calcined 
citrate gels has been successfully demonstrated in the lit-
erature for the synthesis of all of the target perovskite ox-
ynitrides, although only as powders and not as thin films, 
at temperatures of 850-1000 °C.2, 4, 19, 25, 46, 47 The ammonoly-
sis temperature used for our thin films were adapted and 
optimized from the conditions previously reported. These 
were found to be 850 °C for SrTaO2N and SrNbO2N, 950 °C 
for LaNbON2, EuTaO2N, LaTaON2, and 1000 °C for Ba-
TaO2N and CaTaO2N. After ammonolysis all seven films 
were found to be strongly colored, ranging from straw yel-
low for CaTaO2N, to red for BaTaO2N. Photographs of the 
films can be found in ESI Figure S1. These oxynitride films 
were subsequently analyzed by GI-XRD and UV-vis spec-
troscopy. 

In each diffraction pattern, peaks are observed which can 
be assigned to either the crystalline alumina phase of the 
substrate, or matched to database patterns of the expected 
perovskite oxynitride, as shown in figure 1. The diffraction 
patterns were modelled using a Le Bail refinement, to ex-
tract lattice parameter and particle size information for the 

oxynitride phase. Full Rietveld refinement could not be at-
tempted due to the limited number of peaks present in 
each pattern, and the effect of the grazing incident geom-
etry on the relative peak intensity. 

The peaks originating from the alumina substrate were 
modelled in the 𝑅3#𝑐 space group with a = 5.141 Å and a = 
55.54°. Of the oxynitride perovskites only BaTaO2N has 
been previously found to crystallize in the ideal cubic 
structure, with Pm3m symmetry,18 with the rest adopting a 
I4/mcm tetrahedral (SrNbO2N, SrTaO2N,EuTaO2N),18, 46, 48 
or orthorhombic distorted structure of Imma (LaTaON2)48 
or Pnma (CaTaO2N, LaNbO2N),19, 49 ignoring any possible 
anion ordering which cannot be detected using X-ray dif-
fraction.  These distortions are due to a tilting or twisting 
of the TaO6 or NbO6 octahedra to accommodate a smaller 
than ideal ion size in the 12-co-ordinate site. However, 
these distortions are relatively small, and require single 
crystal or high-resolution powder diffraction on samples 
with good crystallinity to be fully distinguished. As can be 
seen in figure 1, peak broadening prevents confirmation of 
the peak splitting that would identify the different symme-
tries. As such, when modelling the diffraction patterns we 
assumed that the structures adopted by the perovskite thin 
films were identical to those previously identified in the lit-
erature. 

Sample Color	 Band	
gap	/	eV	

Space	
group	

Vol.	 per	
formula	
unit	/	Å³	

Parti-
cle	
⌀/nm	

EuTaO2N	 Grey-	
Yellow	

2.48(5)	 I4/mcm	 63.52(6)	 71	

CaTaO2N	 Yellow	 2.35(5)	 Pnma	 61.32(9)	 119	

SrTaO2N	 Orange	 2.05(5)	 I4/mcm	 65.05(4)	 106	

LaTaON2	 Orange	 2.00(5)	 Imma	 65.75(4)	 52	

SrNbON2	 Orange	 1.91(5)	 I4/mcm	 65.71(3)	 27	

BaTaO2N	 Red	 1.90(5)	 Pm3m	 69.33(2)	 796	

LaNbON2	 Red-
Brown	

1.80(5)	 Pnma	 66.83(2)	 99	



 

Table 1.  Results of characterization for the perov-
skite oxynitride films deposited onto alumina. 

Using these assumptions the Le Bail refinements allowed 
us to model the lattice parameters and particle size broad-
ening for the oxynitride phase of each of the thin films. 
Plots of the model diffraction data compared to the col-
lected data can be found in figure S2. The wR values for the 
refinements can be found in table S1, falling in the range of 
7% to 12%, which would typically indicate a relatively poor 
fit. However, this is mostly due to the poor fit to the alu-
mina substrate peaks. The substrate contains very large 
alumina particle sizes, between 2-5 microns, which results 
in an unusual and difficult to fit peak shape due to a lack 
of powder averaging. Considering only the fit to the perov-
skite phase peaks in each refinement measured by the 
phase RF

2, values of less than 5% are found indicative of a 
good fit between the model and the data. In each case, the 
models account for all of the observed Bragg peaks, with 
the exception of the BaTaO2N sample, where there are 
some small peaks due to an unassigned impurity.  

  
Figure 2. Plot of the band gap for each of the perovskite 
phases, red circles labelled AB, based on the formula AB(ON)3, 
and comparison to previously published literature values, grey 
triangles.	

The lattice parameters and particle size values extracted 
from the refinement for each of the oxynitrides are sum-
marized in table 1. The particle size values determined 
from the peak broadening indicate particles of ~30-120 nm, 
with the exception being BaTaO2N, where a much larger 
particle size of 800 nm is observed. There is no clear corre-
lation between particle size and the synthesis temperature, 
as might be expected.  In figure 1 (right hand panel) a com-
parison is made between the cell volume per formula unit 
for each sample, and the volumes previously reported in 
the literature. For most of the samples there is a good 
match between our observed cell volumes and the litera-
ture values, with a difference of less than 0.6%, indicative 

of successful phase formation. The exception is EuTaO2N 
where we observe a smaller than expected unit cell, of 2.4% 
by volume. EuTaO2N is a relatively underexplored mate-
rial, with the literature example cited in the figure based 
on a fully reduced Eu(II) ion. One explanation for the 
smaller unit cell observed in our film would be due to in-
creased nitridation towards EuTaON2 with some oxidation 
of the europium to the smaller Eu(III) ion. Overall, analysis 
of the diffraction data suggests that films of the desired 
perovskite oxynitride have been formed in all cases. 

The thin films were also analyzed using diffuse reflec-
tance spectroscopy, with spectra were recorded on the 
films in the wavelength range of 400 – 900 nm (Figure S3), 
and these were used to create Tauc plots to determine the 
band  gap (Figure S4). Based on prior literature it was as-
sumed that the band gaps were indirect,6 and values were 
found ranging from 2.48 eV for EuTaO2N down to 1.80 eV 
for LaNbON2, as reported in table 1.  In each case there is a 
good match, within the error of the measurement, between 
literature reported band gap values and the values deter-
mined from our thin films,6, 7, 18, 19, 25, 47 as shown in figure 2. 
This supports the X-ray diffraction analysis in confirming 
the that films are composed of the target oxynitride phases. 
The exception to this is EuTaO2N, as we were not able to 
identify a previously reported value for the band gap. 

Photocatalysis. In order to initially assess the photo-
catalytic ability of the perovskite thin films the DCIP dye 
test was used,34 alongside a cobalt oxide co-catalyst to en-
hance the rate of reaction.6, 7, 41 Prior work on powders has 
made use of a 2 wt% loading of the co-catalyst. Assuming 
a 100 nm powder particle size, this equates to a particle sur-
face loading of 0.26 µg cm-2. In this work, the initial co-
catalyst loading was similar, with a cobalt surface density 
0.30 µg cm-2.  

During testing, the films were submerged in a solution of 
DCIP and glycerol, and irradiated with a solar simulator 
equipped with a 400 nm cut-off filter. DCIP is a blue dye 
that can undergo a two-electron transfer to a colorless 
form during photocatalysis with the glycerol acting as a 
sacrificial electron donor. This can be monitored using vis-
ible spectroscopy, assuming a Beer-Lambert law relation-
ship between absorption and the concentration of the dye 
in its colored, oxidized form. Plots of the concentration of 
the dye as a function of time during the testing of each film 
can be found in figure S5.  

The films of EuTaO2N and BaTaO2N showed no signifi-
cant change in dye concentration over the 180 min test 
time, and therefore seem to be photocatalytically inactive 
on this timeframe, under visible light irradiation. The CoOx 
loaded films of LaNbON2 and LaTaON2 showed small re-
ductions in dye concentration of 3% to 5% after 180 mins, 
indicating photocatalytic activity, while SrTaO2N effected 
a 9% reduction. The most active films were CaTaO2N and 
SrNbO2N both showed greater reductions of 26% and 46% 
respectively. Assuming pseudo first order kinetics with re-
spect to the dye concentration, based on Langmuir-Hin-
shelwood kinetics, plots of the logarithm of the ratio of the 
dye concertation to the initial concentration against time 



 

were used to determine the photocatalytic rate constants 
for each sample. These are shown for the active samples in 
figure 3, with the linear fits used to determine the first or-
der rate constants, which can be found in table 2 for the 
three most active samples. 

 

Figure 3. Plots of the ratio of dye DCIP concentration to initial 
concentration as a function of time for the photocatalytically 
active perovskite oxynitride thin films deposited on alumina, 
with cobalt oxide co-catalyst at a surface loading of 0.30	µg	
cm-2.	Tested	using	a	solar	simulator	with	a	UV	cut-off. 

Relatively small 1st order rate constants of 1.6(4)×10-4 
min-1, 2.3(5)×10-4 min-1  and 5.0(1)×10-4 min-1  are found for 
LaTaON2, LaNbON2  and SrTaO2N respectively. The two 
most active samples CaTaO2N and SrNbO2N have much 
higher initial rate constants of 24.3(5)×10-4 min-1 and 
64(5)×10-4 min-1 respectively, but also show divergence 
away from 1st order kinetics after approximately 90 
minutes, with the reactions slowing after this time.  In 
these dye tests complete degradation of the dye is not be-
ing observed, instead the change in concentration deter-
mined from the spectra is the conversion of the dye to its 
colorless form. Therefore, as the reaction progresses there 
is an increasing concentration of the reduced colorless dye, 
which cannot be observed in the spectra. This by-product 
can still photocatalytically degrade, reducing the effective 
rate of decoloration of the primary dye by reducing the 
number of available electron-hole pairs and occupying ac-
tive surface sites, explaining the reduction in rate for the 
two most active samples where the build-up of by-product 
leads to competition with the unreacted dye. The dye test 
is therefore a proxy rather than direct test for self-cleaning 
photocatalysis, but the initial 1st order rates are indicative 
of the relative effectiveness of the samples. 

There are no clear and direct trends between the ob-
served photocatalytic rates and any one property such as 
band gap, particle size, reaction temperature or structural 
properties.  The most active sample SrNbO2N does have 
the smallest crystallite size and one of the smaller band 

gaps, which will have larger surface areas and allow for in-
creased light absorption respectively. However, it is not 
clear that these factors are determinative.  The two inactive 
samples do adopt the ideal Pm3m structure, whereas at 
least some activity is observed in the samples adopting dis-
torted structures. This is consistent with prior work which 
has indicated that a local disorder or distortion is essential 
for an active photocatalyst, in order generate a dipole nec-
essary to aid in separation of electron and holes.50 

Sample CaTaO2N SrTaO2N SrNbON2 

DCIP / × 10-4 min-1 24.5(5) 5.0(1) 64(5) 

Stearic Acid / × 10-4 
min-1 

7.8(6) 8(1) 14(2) 

Table 2.  Summary 1st order rate constants for the 
photocatalytic dye and stearic acid tests for the 
most active perovskite oxynitride thin films. 

Prior work conducted by Oehler et al on powders using 
methyl orange as the test dye also found SrNbO2N followed 
by CaTaO2N to be the most active films, with a lesser activ-
ity for SrTaO2N.6 However our work differs from these re-
sults regarding some of the less active materials. Oehler et 
al observe a 10% reduction in dye concentration after 3 
hours for methyl orange with BaTaO2N, whereas we find 
this material to be inactive. In contrast, testing with methyl 
orange found LaTaON2 to be inactive, while our assess-
ment with DCIP found a small but measurable photocata-
lytic degradation over 3 hours. However, for the three most 
active materials, SrNbO2N, CaTaO2N and SrTaO2N testing 
conducted with both methyl orange and DCIP dyes are in 
agreement. 

For these three most active samples, further DCIP tests 
were conducted to confirm the ideal CoOx loading, and 
identify if this varied with material. Further samples of 
SrNbO2N, CaTaO2N and SrTaO2N were prepared with tar-
geted co-catalyst loadings of 0.04 µg cm-2, 0.15 µg cm-2, 0.3 
µg cm-2, and 0.46 µg cm-2. The initial 1st order rate deter-
mined from these tests can be seen in figure 4 for each sam-
ple as a function of co-catalyst loading. This shows that for 
each material 0.3 µg cm-2 is the optimum loading. Both 
SrNbO2N and SrTaO2N show an increase in activity with 
increasing loading up to this point, followed by a reduction 
at 0.46 µg cm-2. CaTaO2N, also shows a reduction in activ-
ity at 0.46 µg cm-2, but also almost no activity at all below 
0.3 µg cm-2 within the error of measurement. In all cases, 
the presence of co-catalyst is necessary for the observation 
of photocatalysis, as has been previously observed,41 as the 

co-catalyst can provide active centers for surface redox 
chemistry, and allow for surface trapping of holes and elec-
trons, improving charge carrier separation. For the all sam-
ples a co-catalyst loading of 0.3 µg cm-2 provided the bal-
ance between sufficient active sites without beginning to 
prevent light from reaching the underlying photocatalyst. 



 

 
Figure 4. Plots of the initial 1st order rate constants for photo-
catalytic degradation of DCIP dye as a function of cobalt oxide 
co-catalyst loading for SrNbO2N, CaTaO2N and SrTaO2N thin 
films on alumina substrates. 

As the most active sample, the CoOx coated SrNbO2N film 
was further investigated using SEM and EDX mapping and 
XPS spectroscopy.  Images of the film before the addition 
of the co-catalyst can be seen in Figure 5(a).  In this we can 
see the fragmentation of the film into islands of 2-10 µm in 
size, due to shrinkage commonly found in films formed by 
dip-coating. The higher magnification images indicate that 
the film fragments are composed of particles on the order 
of 30 to 40 nm which is consistent with the crystallite size 
determined by XRD of 27 nm. Side-on SEM, found in S6, 
allows an estimation of the overall perovskite film thick-
ness of 450-500 nm. 

After deposition of the CoOx co-catalyst the morphology 
of the film remains unchanged, with the co-catalyst parti-
cles not observable at the resolution of the SEM. The pres-
ence of the CoOx is revealed in the EDX mapping shown in 
Fig 5c). This shows the regions of the sample where the   
strontium and niobium ions are located, corresponding to 
the islands seen in the SEM image, with gaps in the surface 
due the film shrinkage. The cobalt is detected in the EDX, 
and this is distributed at an even but low concentration 
across the surface, including in the film gaps, consistent 
with being deposited after the oxynitride film. The 
SEM/EDX therefore confirms the formation of a SrNbO2N 
film with a surface coverage of cobalt containing particles. 

The XPS spectra allowed quantification of the surface of 
the film, with high resolution spectra collected for the re-
gions where the N 1s, O 1s, Nb 3d, Sr 3d and Co 2p peaks 
were expected. The spectra are shown in figure S7. All five 
elements were observed as expected. The nitrogen 1s peak 
was found at a very low binding energy of 395.5 eV con-
sistent with anionic N3-. Both Nb 3d and Sr 3d could be 
modelled as single environments. The Nb 3d5 2#   peak was 
found at 206.1 eV, which lies between the values previously 
found for Nb4+ and Nb5+, based on values reported for NbO2 
(205.0 eV) and Nb2O5 (207.1 eV). The Sr 3d5 2#  peak was 
found at 132.9 eV, consistent with Sr2+ in SrO. The interpre-

tation of the Co 2p spectra was complicated by the coloca-
tion of the possible Co(II) and Co(III) peaks and near over-
lap with Co(o), the presence of satellite peaks for Co(II/III). 
Our best model suggested principally Co(II/III) with some 
unoxidized Co(0) remaining, approximately 6% of the Co-
balt present. It is not possible to distinguish the Co(II) and 
Co(II) states. Interpretation of the oxygen 1s region was 
challenging, due to the very narrow range in which oxygen 
binding energies are found, and the presence of oxide in 
the perovskite, the cobalt co-catalyst with multiple Co ox-
idation states, and possible organic surface contamination. 
A reasonable fit to the oxygen 1s region was found by using 
four overlapping components with fixed FWHM, at 529.7 
eV, 531.0 eV, 532.0 eV and 533.1 eV. The lowest binding en-
ergy feature was interpreted as the oxide in the perovskite 
where it is bound to the electropositive strontium and ni-
obium cations. Oxide found bound to the less electroposi-
tive cobalt in the CoOx particles would be expected at a 
higher binding energy, interpreted as the feature at 531.0 
eV. Based on the SEM images, and the 400 micron sam-
pling size of the XPS, it is likely that some substrate alu-
mina will be exposed, and so the peak at 532 eV can be in-
terpreted as originating with the Al2O3 exposed in the gaps 
in the film seen in the SEM images, and indeed a peak is 
found in the survey scan where we would expect the Al 2p 
in an Al2O3 environment. The final oxygen 1s peak at 533.1 
eV is consistent with a surface organic contaminant.  Using 
this assignment the adjusted area of the peaks can be used 
to provide an approximate composition for the perovskite, 
relative to strontium, of SrNb0.99O2.48N0.45, or 
SrNb0.99(O,N)2.93 This is consistent with the perovskite for-
mula, but with some inevitable replacement of nitride by 
oxide, which would be expected at the very low surface 
depths investigated by XPS. This provides a surface oxida-
tion state for the niobium of +4.3, which is consistent with 
the binding energy found for the Nb 3d peak being an in-
termediate oxidation state. The XPS analysis, being highly 
surface sensitive, gives a significant overall cobalt content. 
Measured relative to the strontium in the sample the sur-
face Co:Sr ratio was found to 1:2 in atomic ratio. Assuming 
that the loading is 0.3 ug cm-3 then a ratio of 1:2 would be 
found if the sampling depth into the film was 4.5 nm, 
which is consistent with XPS sampling depth of 4-7 nm.  

The DCIP dye testing allowed us to identify the most ac-
tive samples and the optimal co-catalyst loading. However, 
dye degradation is only a proxy test for self-cleaning, there-
fore in order to confirm the ability of the photocatalyst film 
to completely mineralize organic contaminants we carried 
out the more convincing stearic acid degradation test.36 
The protocol for stearic acid testing requires a transparent 
substrate, but one which is also compatible with the per-
ovskite deposition procedure. The obvious choice is 
quartz, which can withstand the high temperature ammo-
nolysis step required for the synthesis. However unlike alu-
mina, quartz is not inert to the perovskite film and can re-
act with the alkaline earth ions found in the oxynitrides. 
To overcome this challenge, a layer of aluminum oxide was 
first deposited onto the quartz substrate using AACVD,39 
and then the perovskite film was deposited on top of this. 



 

 

Figure 5 (a) SEM images of the SrNbO2N as deposited. (b) Images of the SrNbO2N film after deposition of CoOx co-catalyst particles 
at 0.3 µg cm-2. (C) EDX mapping of the SrNbO2N sample with 0.3 µg cm-2 of co-catalyst

This was carried out for CaTaO2N, SrNbO2N and SrTaO2N. 
PXRD was used to confirm the successful formation of 
these films. The diffraction patterns can be found in figure 
S8. UV-vis transmission spectra were also recorded, and 
the band gaps reconfirmed for these samples deposited on 
quartz as 2.43 eV, 2.15 eV, and 1.99 eV for the CaTaO2N, 
SrTaO2N and SrNbO2N samples respectively, once again 
within error of values reported previously in the literature 
(Figure S9).  

The photocatalytic test was carried out by dip-coat de-
positing a layer of stearic acid on to the surface of the film 
from a solution in dichloromethane, to give an initial con-
centration of approximately 1.65 ×1016 molecules cm-2. The 
thickness of this layer was then monitored using FTIR 
while the samples were irradiated with UV-filtered visible 
light from a solar simulator for just under 2 hours, this data 
can be seen in figure 6. All three films show reduction in 
the amount of stearic acid during the experimental 
timeframe, of 15.4% for SrNbO2N and 8.4% for both 
SrTaO2N and CaTaO2N, indicating that all three materials, 
with a co-catalyst, are capable of complete photocatalytic 
degradation of organic species, and can be considered truly 
self-cleaning coatings using visible light.  The degradation 
of the stearic acid appears to follow 1st order kinetics and 
plots of ln(C/C0) against time allow for the rate constants 
to be determined.51 This analysis gave a value of 14(2) ×10-4 
min-1 for SrNbO2N, 8(1)×10-4 min-1 for SrTaO2N and 7.8(6) 
×10-4 min-1 for CaTaO2N. In line with the results of the DCIP 
dye testing, SrNbO2N was the most active sample.  

For the SrNbO2N thin film with a cobalt oxide co-cata-
lyst, the initial rate of stearic acid degradation was 5.26 × 
1013 molecules min-1.  Given the intensity of the light source 
used, an approximate formal quantum efficiency of 6.51 
×10-7 molecules per photon can be estimated.  Comparing 
values of photocatalytic activity between different exam-
ples in the literature is challenging, because differences in 
experimental conditions, not all of which are reported. 
These can include differences in light sources used and var-

iations in initial stearic acid film thickness that can signif-
icantly affect reported rates, and therefore such compari-
sons must be made with a degree of skepticism. However, 
having stated this, such comparison can be made with an 
attempt to account for differences in light intensity, as-
suming a linear dependence on rate.  Prior work from this 
group under identical reaction conditions with a film of 
tantalum oxynitride found an initial rate 2.5 × 1013 mole-
cules min-1, or approximately half that observed with the 
co-catalyst loaded SrNbO2N film reported here.52 

 

Figure 6. Plots of the stearic acid concentration as a function 
of time, as assessed using FTIR spectroscopy, for thin films of 
SrNbO2N, CaTaO2N and SrTaO2N on quartz with a CoOx co-
catalyst under solar simulated light. Bottom right, Plot of the 
1st order rate constant for the stearic acid degradation for each 
film.	

Prior work with visible light degradation of stearic acid on 
modified titanium dioxide has also been reported. Adjust-
ing for light intensity, nitrogen doped titania films have 
been reported with an initial rate of 0.03 × 1013 molecules 
min-1, while fluorinated titania films have a reported rate of 



 

0.2× 1013 molecules min-1.53, 54 These rates are much lower 
than those for our perovskite oxynitride films, possibly be-
cause the low concentration of the dopants in the titania 
allows for only weak visible light absorption. However, 
more comparable rates have been observed for silver nano-
particle doped titania films, where under visible light irra-
diation initial photocatalytic rates for stearic acid degra-
dant of 1.5 × 1013 to 2 × 1013 molecules min-1 have been ob-
served.54, 56  

The initial rate identified for the best film reported here, 
the cobalt oxide loaded SrNbO2N film, exceeds previously 
reported rates for visible light photocatalytic degradation 
of organic species, and is certainly competitive for self-
cleaning applications where visible light is the only source 
of radiation. We have previously estimated that a real-
world loading of greasy contamination on a surface is 4 × 
10-6 g cm-2, and that the initial rate can be used to estimate 
the time to completely remove this contamination under 
conditions of the bright sunlight, as 13.4 hours. 

Comparison can also be made to UV activated titanium 
dioxide photocatalytic films, assuming that films are used 
in direct sunlight where the UV component is unfiltered. 
Including an adjustment again for tests conducted typi-
cally using UV light alone, and on an assumption of 5 mW 
cm-2 of UV light in the solar spectrum, comparable initial 
rates for titania films are between 5× 1013 and 40× 1013 mol-
ecules min-1 cm-2.57-59 It is clear that for self-cleaning appli-
cations using direct sunlight the higher rate, known non-
toxicity, transparency and lower cost of TiO2 make it a bet-
ter choice than the films tested in this work, or other visi-
ble light activated systems currently reported in the litera-
ture. However, for situations where little UV light is avail-
able, for example for indoor applications, CoOx@SrNbO2N 
film would be a viable self-cleaning surface. 

CONCLUSION 
In this paper, we have demonstrated a method for the 

deposition of perovskite oxynitride thin films onto both 
alumina and quartz substrates, and used this to form thin 
films of CaTaO2N, SrTaO2N, BaTaO2N, LaTaON2, Eu-
TaO2N, SrNbO2N and LaNbON2.  In conjunction with a co-
balt oxide co-catalyst and screening using a dye degrada-
tion test, we were able to determine that films of SrNbO2N 
had the highest photocatalytic rate. We have determined 
that 0.3 µg cm-2 is the most effective cobalt loading, and 
that a thin film of cobalt oxide loaded strontium niobium 
oxynitride is capable under visible light illumination of di-
rect and complete degradation of stearic acid, an excellent 
model for organic pollutants, at a rate exceeding prior ex-
amples of visible light photocatalysts.  
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