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Abstract
N2O remains a major greenhouse gas and contributor to global warming, therefore developing a catalyst that can decompose 
 N2O at low temperatures is of global importance. We have investigated the use of  LaSrCoFeOx perovskites for  N2O decom-
position and the effect of surface area, A and B site elements, Co–O bond strength, redox capabilities and oxygen mobility 
have been studied. It was found that by using a citric acid preparation method, perovskites with strong redox capabilities and 
weak Co–O bonds can be formed at relatively low calcination temperatures (550 °C) resulting in highly active catalysts. The 
enhanced activity is related to the presence of highly mobile oxygen species. Oxygen recombination on the catalyst surface 
is understood to be a prominent rate limiting step for  N2O decomposition. Here the reduced strength of Co–O bonds and 
mobile lattice oxygen species suggest that the surface oxygen species have enhanced mobility, aiding recombination, and 
subsequent regeneration of the active sites.  La0.75Sr0.25Co0.81Fe0.19Ox prepared by citric acid method converted 50% of the 
 N2O in the feed  (T50) at 448 °C.
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1 Introduction

Nitrous oxide  (N2O) has long been considered a potent 
greenhouse gas and, although only accounting for 332 ppb 
of the atmosphere, the consequences of uncontrolled emis-
sion could be significant with respect to climate change [1]. 
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 N2O has a global warming potential of ca. 300 times that 
of  CO2, [2, 3] a half-life of double that of  CO2 (114 years 
compared to an average of 31 years), [4] and an ozone deple-
tion potential comparable to many hydrochlorofluorocarbons 
(HCFCs). The majority (60%) of global  N2O emissions are 
generated via anthropogenic sources such as industrial 
chemical processes including adipic acid production, sew-
age treatment, the agriculture sector or combustion sources 
[5, 6]. There are also a number of smaller scale unregulated 
anthropogenic sources such as hospitals, dental surgeries 
and veterinary practices where  N2O is used as an anaesthetic 
and analgesic [7]. Therefore, the development of catalysts 
that can effectively decompose  N2O (Eq. 1) is of great sig-
nificance [8].

The importance of finding a suitable catalyst for  N2O 
decomposition has been known for many years and subse-
quently there have been various classes of materials that 
have been used as catalysts, such as ceria-based materials 
[9, 10], spinels [11, 12] and supported metal nanoparticles 
[13, 14]. Perovskites are represented by the general formula 
 ABO3, where the A site is generally a large rare earth ele-
ment such as La and the B site typically a smaller transition 
metal such as Co or Fe. The A site cation is generally cata-
lytically inactive but alters the oxidation state of the B site 
therefore creating oxygen vacancies [15]. The A sites are 
typically cations with a charge of 2+/3+, whereas, the B 
site cations have a charge of 3+/4+. A second A site cation 
can be incorporated into the structure and the difference in 
valence state between the cations can lead to further oxygen 
vacancies or redox couples. Sr or Ce are often used for A site 
substitution [8]. A perovskite consists of two or more simple 
oxides that have a high melting point, and the preparation of 

(1)
2 N2O → 2 N2 + O2 (ΔrH

o(298 K) = −163 kJ mol−1)

a perovskite structure requires high temperature and a long 
calcination time, which typically leads to high structural and 
thermal stability [16, 17]. The high temperatures required 
for the preparation of perovskites typically produce materials 
with low specific surface areas, usually less than 10  m2  g−1 
[16, 18]. However, significant work has been undertaken to 
produce high surface area perovskite materials [19, 20]. The 
use of perovskites as solar cells has generated a significant 
interest in the preparation of these materials [21, 22] and 
perovskites now show comparable results to that of commer-
cial solar cells [23]. It has been shown previously that oxy-
gen mobility, ease of oxygen vacancy formation, and oxygen 
storage capacity of a perovskite system can influence the 
catalytic activity [24, 25]. The oxidation state of the B site 
cation and the resulting oxygen vacancy can be controlled 
by substitution of an external cation into the matrix. For 
example, if a B site cation oxidation state is reduced from 
 B4+ to  B3+ an oxygen vacancy can be formed, due to fewer 
oxygen atoms being required to balance the charge of the 
cation. Alternatively, an oxygen vacancy can also be formed 
by the substitution of an  A3+ cation with that of an  A2+ 
one in the  ABO3 structure. Oxygen vacancies can provide 
adsorption sites for reactants and subsequent activation can 
take place, hence their presence in the perovskite structure 
can be directly linked to their catalytic activity [26].

The most notable perovskite catalysts for  N2O decom-
position are presented in Table 1. For example, Russo et al. 
utilised a solution combustion synthesis method to prepare 
a  LaCoO3 and reported 100% conversion under conditions 
of 0.5%  N2O in He at 550 °C, with a  T50 of 455 °C and 
an  N2O decomposition rate of 1.3 mol  h−1  kg−1 at 450 °C 
[27]. Ivanov et al. prepared a series of  LaSrMnO3 cata-
lysts, investigating the effects of the ratio of La and Sr 
metals in the A site. The optimal La/Sr ratio was found to 
be  La0.5Sr0.5, resulting in a  T50 of 750 °C, under conditions 

Table 1  Table showing the most relevant perovskites for  N2O decomposition

a Temperature required to achieve 50%  N2O conversion.
*No activity at 600 °C.

Perovskite Conditions Conversion and  T50
a N2O decomposition rate 

at 450 °C (mol  h−1  kg−1)
Specific surface 
area  (m2g−1)

Ref.

LaCoO3 0.5%  N2O
WHSV = 120,000 mL  g−1  h−1

T50 at 455 °C 100% at 550 °C 1.3 7.7 [27]

La0.4Sr0.6FeO3 0.15%  N2O
Contact time 5 ×  10–4 s

T50 at 815 °C 0*
(0.04 at 815 °C)

1 [28]

Pr0.8Ba0.2MnO3 0.5%  N2O, GHSV = 7,500  h−1 T50 at 442 °C 100% at 550 °C 1.2 12 [29]
La0.5Sr0.5MnO3 0.15%  N2O

GHSV = 30,800  h−1
T50 at 750 °C 0*

(0.04 at 750 °C)
4.1 [30, 31]

La0.7Ba0.3Mn0.8In0.2O3 10%  N2O
GHSV = 21,220  h−1

T50 at 443 °C
92% at 500 °C

5.9 8 [32]

Pr0.75Ba0.25CoO3 1%  N2O
GHSV = 38,000  h−1

T50 at 410 °C 100% at 500 °C 32 30 [33]
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of 0.15%  N2O, and a Gas Hourly Space Velocity (GHSV) 
of 30,800  h−1 [30, 31]. The group then studied the effect 
of oxygen mobility on  La0.4Sr0.6FeO3, by doping  LaSrFeO4 
ferrite into the structure. The  La0.4Sr0.6FeO3 doped with 
ca. 10 wt%  LaSrFeO4 was the most active catalyst, with 
a  T50 of 815 °C under the same conditions. The improve-
ment in activity was attributed to the increased mobility 
of lattice oxygen, highlighting how this is a key factor for 
 N2O decomposition [28].

Takita et al. probed the effect of varying A and B site 
metal ratios on  N2O decomposition using a  LaBaMnInO3 
catalyst. The most active catalyst was considered to be 
 La0.7Ba0.3Mn0.8In0.2O3, converting 92%  N2O at 500 °C  (T50 
443 °C and  N2O decomposition rate of 5.9 mol  h−1  kg−1 
at 450  °C) under conditions of 10%  N2O in He at 
20 mL  min−1 [32]. Kumar et al. reported that it is pos-
sible to achieve a similar  T50 using a  Pr0.8Ba0.2MnO3 
catalyst prepared by impregnation.  Pr0.8Ba0.2MnO3 cata-
lyst was able to achieve 100%  N2O conversion at 550 °C 
 (N2O decomposition rate of 1.2 mol  h−1  kg−1 at 450 °C) 
under conditions of 0.5%  N2O, balance He and a GHSV of 
7500  h−1 [29]. The high activity of the catalysts prepared 
by Kumar et al. was associated to the enhanced redox 
properties due to the ratio of  Mn4+/3+ and the resulting 
charge compensation effect due to the substitution of Ba 
into the A site. Previously we have shown it is possible 
to achieve a  T50 of 410 °C  (N2O decomposition rate of 
32 mol  h−1  kg−1 at 450 °C) using a  Pr0.75Ba0.25CoO3 cata-
lyst, prepared by supercritical anti-solvent precipitation 
[33]. The catalysts prepared by Kumar et al. and Hutchings 
and co-workers are amongst the most active perovskites 
for  N2O decomposition reported in the literature to date.

In this work we investigate the controlling factors for pre-
paring a perovskite catalyst for  N2O decomposition. Surface 
area, redox capabilities, oxygen mobility, A and B site ele-
ments, and Co–O bond strength are all investigated. The 
rate-limiting step in the decomposition of  N2O is typically 
the recombination of oxygen on the active site [34–40], if 
the proximity of the atomic oxygen species is greater than 
the interaxial distance of oxygen then the bond is unlikely to 
form and be desorbed as molecular oxygen, therefore block-
ing an active site [41, 42]. However, if the Co–O bond is 
weak, the mobility of the oxygen can be improved as it is 
more able to move around the surface of the catalyst and 
can recombine with surface oxygen, regenerating the active 
site. Therefore, producing a catalyst with a relatively weak 
Co–O bond is advantageous. Here, we have shown that this 
is the case in the most active catalysts by use of  H2-TPR. 
 H2-TPR and  O2-TPD have been used to confirm the presence 
of redox properties, including highly mobile oxygen species. 
The resulting low  T50 of 448 °C  (N2O decomposition rate 
22.8 mol  h−1  kg−1 at 450 °C), highlights the need for careful 
catalyst design to maximise the decomposition rate.

2  Experimental

2.1  Catalyst Preparation

2.1.1  Citric Acid Preparation Method

Benchmark perovskite based catalysts were prepared by cit-
ric acid preparation as described by Fierro et al. [43]. Metal 
nitrates were dissolved in deionised water (50 mL) while 
stirring at 50 °C in a round bottom flask. Citric acid (Sigma 
Aldrich, > 99.95%) (metal:citric acid = 1:2 molar ratio) was 
added to the solution and the temperature increased to 90 °C. 
After 30 min the temperature was increased to 110 °C and 
stirred for 16 h to give a dry powder. Following grinding, 
all catalysts were pre-treated in an oven at > 200 °C (details 
given in Table 3) with a ramp rate of 1 °C  min−1 to ensure 
citric acid combustion, as indicated by TGA. These materi-
als were calcined in flowing air at a suitable temperature, 
for 3 h at 1 °C  min−1 to form a pure phase perovskite, as 
determined by in situ X-ray diffraction (XRD).

2.1.2  Oxalic Acid Preparation Method

Perovskite catalysts with enhanced phase purity were pre-
pared using oxalic acid as a precipitation agent, based on 
the work by Fan et al. [44]. Metal nitrates were added in 
the appropriate ratios totalling 0.02 mol of metal to etha-
nol (200 mL, Sigma Aldrich, 99.8%) and stirred. Once the 
metal salts were dissolved, oxalic acid (0.024 mol, Sigma 
Aldrich, > 99%) was added and the solution was aged for 2 h 
at room temperature. After aging, the solution was filtered 
and washed with ethanol (500 mL) and dried (110 °C, 16 h). 
The resulting solid was pre-treated at 300 °C, followed by 
calcination in flowing air at a suitable temperature to form a 
pure phase perovskite, as determined by in situ XRD.

2.1.3  Supercritical Anti‑Solvent (SAS) Preparation Method

Perovskite catalysts were prepared using the supercriti-
cal anti-solvent (SAS) precipitation method is based on a 
method previously reported [45–48]. A mixture of metal 
acetylacetonate hydrate and acetate precursor salts were dis-
solved in ethanol (Sigma Aldrich 99.8%) together with 5% 
deionised water. SAS experiments were performed using 
apparatus manufactured by Separex.  CO2 (99.99%, BOC) 
was pumped through the system (held at 150 bar, 40 °C) 
via the outer part of a co-axial nozzle at a rate of 12 kg  h−1 
(41 Hz). The metal salt solution was concurrently pumped 
through the inner nozzle using an Agilent HPLC pump 
at a rate of 4 mL  min−1. At this point, the solvent rapidly 
solubilises into the surrounding supercritical  CO2, causing 
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the precipitation of the metal precursors. This was recov-
ered on a stainless-steel frit, while the  CO2-solvent mixture 
passed downstream, where the pressure was decreased to 
separate the solvent and  CO2. Precipitation was carried out 
for 120 min followed by a purge of the system with  CO2 for 
1 h under 150 bar and 40 °C. The system was then depres-
surised, and the dry powder collected. The resulting SAS 
precipitates were then pre-treated at 300 °C, followed by 
calcination in flowing air at a suitable temperature to form a 
pure phase perovskite, as determined by in situ XRD.

2.2  N2O decomposition

All reactions were performed at atmospheric pressure in a 
continuous-flow fixed-bed reactor. A reactor tube (4.6 mm 
internal diameter, stainless steel) was packed with catalyst 
(0.0625 g) between two layers of quartz wool. Reactions 
were performed over the temperature range of 200–600 °C, 
with a flow rate of 100 mL  min−1 (GHSV: in the range of 
35,000 to 40,000  h−1). The gas feed was composed of 1% 
 N2O/He. All outgoing gaseous products were analysed 
online using an Agilent 7890B Gas Chromatograph (GC) 
(columns: Hayesep Q (80–100 mesh, 1.8  m) MolSieve 
5A (80–100 mesh, 2 m) fitted with a thermal conductivity 
detector.

The  N2O decomposition rate at a given temperature 
 (molN2O  h−1  kgcat

−1 shortened to mol  h−1  kg−1) is given by 
the equation:

2.3  Catalyst characterisation

X-ray photoelectron spectroscopy (XPS) was performed on 
a Thermo Fisher Scientific K-alpha+ spectrometer. Sam-
ples were analysed using a micro-focused monochromatic 
Al X-ray source (72 W) over an area of approximately 400 
microns. Data was recorded at pass energies of 150 eV for 
survey scans and 40 eV for high resolution scan with 1 eV 
and 0.1 eV step sizes respectively. Charge neutralisation 
of the sample was achieved using a combination of both 
low energy electrons and argon ions. Data analysis was 
performed in CasaXPS using a Shirley type background 
and Scofield cross sections, with an energy dependence of 
− 0.6 eV.

Powder X-ray Diffraction (XRD) analysis was per-
formed on a PANalytical X’Pert Pro diffractometer using 
a Ni-filtered CuKα radiation source operating at 40 kV and 
40 mA. Standard analysis was performed using a 40 min run 
with a back filled sample holder. Patterns were identified 
using the International Centre for Diffraction Data Powder 

Conversion at given temperature(%) × Flow rate of N2O
(

mol h−1
)

Catalyst weight(kg)

Diffraction File. Perovskite phase purity was determined 
using the International Centre for Diffraction Database 
(ICDD). Phases were assigned using the ‘search and match’ 
function in X’Pert Highscore software. Phase identification 
is performed by comparing the X-Ray diffraction pattern 
with known reference data in the ICDD. When two or more 
phases are present it is possible to achieve a percentage of 
each, the software uses the information the powder diffrac-
tion file (PDF) associated to produce the values, this is semi-
quantitative and the technique that has been used in this 
manuscript. It was assumed that no amorphous regions were 
present due to the high calcination temperatures used.

In situ XRD was performed using a PANalytical X’Pert 
Pro diffractometer using a Ni-filtered CuKα radiation source 
operating at 40 kV and 40 mA, fitted with a cell that allows 
temperature control and gas flow using Bronkhorst mass 
flow controllers. Characterisation was controlled via soft-
ware, the ‘Data collector’ program was used to set tem-
perature, run time and repeats measurements. Patterns were 
identified using the International Centre for Diffraction Data 
Powder Diffraction File.

Thermogravimetric Analysis (TGA) was performed 
using a Perkin Elmer TGA 4000, with 10 mg sample with 
50 mL  min−1 air and a ramp rate of 5 °C  min−1, from 30 to 
800 °C. Mass losses were recorded as changes in mg and 
converted into a percentage of the total mass of the sample. 
The metal precursors along with precipitating agents used 
in this study were analysed to determine their decomposi-
tion temperatures, the mass loss profiles are shown in Fig. 
S1a–j. Due to the ramp rate of 5 °C  min−1 there is likely to 
be a delay of ± 20 °C to the final decomposition event when 
compared to a calcination that is held at a temperature. The 
secondary profile given with dashed lines in the TGA profile 
are the derivative of temperature.

Oxygen Temperature Programmed Desorption  (O2-TPD) 
profiles were performed using a ChemBET TPR/TPD 
equipped with a TCD to monitor oxygen evolution. A pre-
treatment in He up to 550 °C was performed, followed by 
doping of oxygen using 10%  O2/He at 550 °C, the sam-
ple was cooled to room temperature and the gas changed 
to He, followed by desorption of oxygen up to 850 °C at 
10 °C  min−1 and held for 10 min at  Tmax, using an attenua-
tion of 2, TCD sensitivity of 150 and flow 30 mL  min−1. The 
sample mass was typically 60 mg.

Nitrogen adsorption isotherms were collected using a 
Quantachrome Quadrasorb evo. A 20-point analysis was 
performed using  N2 as the adsorbate gas. Samples were 
degassed for 14 h at 300 °C prior to analysis. Analysis was 
carried out at − 196 °C with  P0 measured continuously. Free 
space was measured post analysis with He. The data was 
analysed using the BET method.

TPR was performed using a ChemBET TPR/TPD 
equipped with a TCD to monitor hydrogen uptake. A 
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pre-treatment in He up to 150 °C was performed, followed 
by a reduction in 10%  H2/Ar up to 800 °C, held for 30 min 
at  Tmax, using an attenuation of 4, TCD sensitivity of 150 
and flow 15 mL  min−1. The sample mass used was typically 
between 40 and 50 mg.

MP-AES was carried out using an Agilent 4100 MP-AES 
utilising Agilent MP expert software. Calibration samples 
were prepared by dilution of a standard metal solution with 
deionised water. A minimum of 4 calibration plots were used 
per analysis. Solid catalyst samples (50 mg) were dissolved 
in aqua regia (4 mL diluted to 50 mL with deionised water) 
to give a pre-calculated approximate metal concentration.

3  Results and Discussion

Initially, two  SrxCoyMz-based perovskite materials (where 
M = La or Fe) were prepared by a sol–gel method with citric 
acid, as previously reported [43, 49–55].  La0.75Sr0.25CoOx 
(denoted LSC) and  SrCo0.81Fe0.19Ox (denoted SCF) were 
prepared by the combination of citric acid and metal nitrates 
using a molar ratio of 2:1. Citric acid combustion occurs 
between 150 and 200 °C, as highlighted in the thermal anal-
ysis of LSC (Fig. 1a), with a rapid weight loss at 170 °C. 
This is also accompanied by the decomposition of La nitrate, 
followed by further weight losses at 300 °C due La and Co 
nitrate decomposition with a final decomposition event seen 
at 600 °C due to the decomposition of Sr nitrate. To form a 
pure phase perovskite, the catalyst precursor was treated at 
an appropriate temperature, as determined by in situ XRD. 
When performing in situ XRD, the sample must be packed 
into a sample holder; it is crucial that when the sample is 
heated, the sample remains flat and the holder fully packed 
to ensure that the incidence angle of the X-rays remain con-
sistent. Therefore, the catalyst must be pre-treated to limit 

mass loss when obtaining in situ XRD patterns. For this 
catalyst, 400 °C was chosen as the precursor has mostly 
decomposed below this point; 70% of the catalyst mass had 
been lost (Fig. 1a).

From the in situ XRD of LSC given in Fig. 1b it is pos-
sible to see the growth of the principal perovskite phase via 
the reflection at 34° 2θ as the temperature increases from 
550 to 850 °C. At 850 °C the perovskite phase was 98% 
pure, with a reflection seen due to the presence of CoO. This 
temperature was selected as a suitable calcination tempera-
ture, due to the extended length of time the sample was held 
at the maximum temperature, consequently the purity should 
increase. This temperature was also deemed suitable from 
the TGA profile (Fig. 1a) as all major decomposition events 
had occurred prior to this.

The TGA profile of SCF is given in Fig. 2a, where two 
decomposition events below 350 °C were noted and ascribed 
to the decomposition of Co and Fe nitrates, and the citrate 
precursor. The final mass loss was due to the decompo-
sition of Sr nitrate. 550 °C was determined as a suitable 
pre-treatment temperature prior to performing in situ XRD 
analysis. The in situ XRD of SCF given in Fig. 2b illus-
trates the profile changes over the temperature range of 550 
to 850 °C. Here, small differences can be observed as the 
temperature increases from 550 to 800 °C with a reduction 
of the reflections present at 24, 26 and 36.5°. This is paired 
with the formation of new reflections, most notably at 32 and 
27°, that are present in the final material at 850 °C. A pure 
phase SCF perovskite is not formed at 850 °C as a  Co3O4 
impurity is formed during the heat treatment. Therefore, a 
higher calcination temperature of 900 °C was required (the 
maximum operating temperature of the furnaces), resulting 
in a perovskite phase purity of 81%.

XRD of the final calcined perovskite structures of LSC 
and SCF are shown in Fig. S2. SCF contains three reflections 

Fig. 1  a TGA of LSC up to 850 °C at 5 °C  min−1 in air at 50 mL  min−1. The secondary profile given with dashed lines in the TGA profile are 
the derivative of temperature. b In situ XRD of LSC treated to 400 °C prior to analysis heated from 550 to 850 °C in air (25 mL  min−1)
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at 18.5, 36.8 and 65.6° (2θ) due to the presence of a  Co3O4 
impurity, whereas LSC contains one reflection at 36.7° (2θ) 
due to the presence of a CoO impurity. All other reflections 
are due to the perovskite structure.

Analysis of the O 1s region in XPS gives an indication of 
the species of oxygen present on the surface of the catalyst. 
There are four notable oxygen species typically observed 
for perovskite oxides: lattice oxygen  (O2−) from lanthanide 
elements (528.6 eV) [56–59], lattice oxygen species due 
to Co/Fe (ca. 529.5 eV) [60–63], surface hydroxyl species 
 (OH−) at 531.0 eV [64], and a species at 533.0 eV, typically 
ascribed to water [65–67]. The water is trapped within the 
lattice, rather than being physisorbed on the surface as this 
would be removed under the ultra-high vacuum conditions 
required for XPS, unless the surface is hygroscopic, some 
adsorbed water can remain. Lattice oxygen is also referred 

to as β-oxygen, and oxygen vacancies are referred to as 
α-oxygen [26, 68].

The O 1s region of the spectra of LSC (Fig. 3) shows all 
four species of oxygen present. Most notably the lanthanide 
lattice oxygen species made up a large proportion, ca. 42% 
of the O 1s region. The rest were lattice oxygen from transi-
tion metal species and hydroxyl species (breakdown pro-
vided in Table S2). Conversely, for the SCF catalyst this is 
drastically different; lattice oxygen makes up just 1% of the 
observed oxygen species (Fig. 3). The surface does not con-
tain these lattice oxygen species, instead the carbon region 
indicates that the surface contains a thin layer of carbonate 
species that could have formed when Sr came into contact 
with the atmosphere [69, 70]. There is a large peak at 531 eV 
in the O 1s spectra that can either be a contribution from 
hydroxyl  OH− or carbonate  CO3

2− species. To determine 

Fig. 2  a TGA of SCF up to 850  °C at 5  °C   min−1 in air at 
50 mL   min−1. The secondary profile given with dashed lines in the 
TGA profile are the derivative of temperature. b In situ XRD of SCF 

treated to 400 °C prior to analysis heated from 550 to 850 °C in air 
(25 mL  min−1), *Marks  Co3O4 impurity

Fig. 3  a XPS O 1s region of LSC and SCF catalysts Fittings: red—
lattice  O2−, blue—lattice  O2−transition metal, orange—hydroxyl spe-
cies  OH− or  CO3

2− (majority  CO3
2− in SCF), and purple—molecular 

water on surface. b  H2-TPR of LSC and SCF catalysts, performed at 
5 °C  min−1 up to 800 °C, under a flow of 10%  H2/Ar
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which species is present, the carbon region must be studied. 
If a peak is present at 289.4 eV this is due to the presence 
of carbonate. In the case of SCF the contribution is from a 
carbonate species, as confirmed by the carbon spectra shown 
in Fig. S3 [71]. The LSC perovskite has a small insignificant 
peak in the carbon region indicating that the oxygen species 
present is mainly  OH−. The lanthanum 3d XPS spectra (Fig. 
S4) shows that all lanthanum containing catalysts have both 
lanthanum oxide and lanthanum carbonate present. This 
explains why the LSC catalyst has a small peak at 289.4 eV, 
without having a large contribution from strontium carbon-
ate. This is further confirmed by the comparison of the C 1s 
peak at 289 eV and O 1 s peak at 531 eV discussed later in 
the manuscript. The Sr carbonate species is hygroscopic, as 
indicated by the large peak assigned to molecular water on 
the surface at 533 eV, ca. 14% of the O 1s spectra. Notably, 
the oxide of Sr is found at a slightly lower binding energy 
than other elements, with a response seen at 527 eV [72, 73]. 
The lack of lattice oxygen observed may be a result of the 
surface sensitive nature of XPS with an analysis depth of ca. 
8–10 nm. Therefore, an abundance of lattice oxygen in the 
bulk will not be represented. Additionally, the presence of 
the carbonate on the surface would limit the ability to detect 
the lattice oxygen in the bulk. The presence of the carbonate 
is expected to limit the catalytic activity of the perovskite.

The  H2-TPR profile can indicate the reducibility of the 
perovskites, where the reducibility is linked to its ability 
to release oxygen from the perovskite structure by reacting 
with  H2.  H2-TPR also gives an indication to the strength of 
the Co–O bond: the weaker the bond the more mobile the 
oxygen species, and the lower the Co reduction temperature 
[74]. The reduction of surface-adsorbed O species or non-
stoichiometric excess oxygen reduction of oxygen species, 
this can include oxygen adsorbed on the oxygen deficiency, 
take place between 200 and 300 °C [75, 76]. This is followed 
by the step-wise reduction of  Co3+ to  Co2+ between 200 and 
360 °C and  Co2+ to  Co0 between 450 and 540 °C [77, 78]. 
Fe is the only other reducible metal in these catalysts, both 
La and Sr are not reducible under the conditions studied [79, 
80]. Fe reduction takes place in the following steps:  Fe3+ to 
 Fe3+/2+ at ca. 300 °C, followed by the reduction of  Fe3+/2+ to 
 Fe0 at around 700 °C [81]. The  H2-TPR of LSC and SCF are 
shown in Fig. 3b, SCF shows the initial reduction of surface 
oxygen species and carbonates (< 250 °C), followed by the 
simultaneous reduction of  Co3+ to  Co2+ and  Fe3+ to  Fe3+/2+ 
between 300 and 500 °C, followed by the reduction of  Co2+ 
to  Co0 between 500 and 600 °C, with the final step due to 
the reduction of  Fe3+/2+ to  Fe0 between 650 and 790 °C. The 
 H2-TPR of LSC is more difficult to interpret as the reduc-
tion temperatures are far higher than expected. The reduc-
tion of surface oxygen species takes place between 200 and 
350 °C followed by the reduction of  Co3+ to  Co2+ between 
450 and 600 °C, followed by the final reduction of  Co2+ to 

 Co0 between 600 and 750 °C. As the reduction of Co in LSC 
and SCF takes place at the expected temperatures the Co–O 
bond strength would be anticipated to be intermediate.

Table 2 contains the surface area data for the LSC and 
SCF, with LSC having the highest (15  m2  g−1). This is likely 
a result of a lower calcination temperature, as higher calci-
nation temperatures can lead to lower surface areas [16, 17, 
43, 82, 83]. This is apparent with the SCF catalyst, which 
was calcined at 900 °C, and has a surface area of 7  m2  g−1, 
however the perovskite is not 100% pure, a  Co3O4 phase is 
also present that can have different textural properties The 
temperature required for 50% conversion of  N2O  (T50) over 
the LSC catalyst is 468 °C, compared to 585 °C over the 
SCF catalyst (Fig. 4). The lower activity of the SCF cata-
lyst indicates that lattice oxygen species are crucial for the 
decomposition of  N2O (Fig. 4). This is due to  N2O adsorp-
tion taking place at a vacant site, such as a coordinatively 
unsaturated metal, followed by decomposition and release of 
 N2, with adsorbed O. The rate-limiting step of this reaction 
is the recombination of oxygen [34, 35], therefore, a high 
lattice oxygen concentration with sufficient mobility can aid 
this reaction step and produce a more active catalyst. In the 
case of SCF, the phase impurities present have a negative 
impact on the activity, with temperatures greater than 600 °C 
required for significant conversion.

3.1  Citric Acid Preparation 
of  La0.75Sr0.25Co0.81Fe0.19Ox (LSCF Citric)

Based on the reaction data shown in Fig. 4 and catalyst 
characterisation data from Table 2, it is apparent that higher 
surface area, phase purity and lattice oxygen concentration 
lead to a more active catalyst. Therefore, the two perovs-
kite metal ratios were combined with the idea that intro-
ducing secondary metals into both the A and B site would 
facilitate redox coupling and allow for a lower calcination 
temperature to form a pure phase perovskite resulting in a 
higher surface area and subsequently an increase in activity. 

Table 2  Calcination temperature, specific surface area, phase purity, 
lattice oxygen percentage and the temperature required for 50% con-
version  (T50)

a Perovskite phase purity calculated using XRD diffraction pattern and 
the ratio between the single perovskite phase and any impurities.
b Lattice oxygen calculated by the ratio of lattice oxygen species to the 
sum of molecular water, transition metal lattice oxygen, hydroxyl spe-
cies, as derived from XPS measurements.

Catalyst Perovskite 
phase 
purity (%)a

Calcination 
tempera-
ture (°c)

Specific 
surface 
area  (m2 
 g−1)

T50 (°C) Surface 
lattice O 
(%)b

LSC 98 850 15 468 42
SCF 81 900 7 585 1
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A  La0.75Sr0.25Co0.81Fe0.19Ox perovskite was prepared by the 
citric acid precipitation method and henceforth referred to 
as LSCF citric.

Optimisation of the perovskite final calcination tempera-
ture was performed using TGA and in situ XRD as detailed 
previously, the details are provided in the SI. A final calcina-
tion temperature of 550 °C was deemed appropriate.

Previous reports suggest that a high surface area perovs-
kite will lead to an active  N2O decomposition catalyst [8, 15, 
84]. The specific surface area of the LSCF citric perovskite 
was measured at 13  m2  g−1 which is comparable to the LSC 
citric material (15  m2  g−1). Most attempts at increasing the 
surface area of perovskites have found success through sup-
porting perovskites on high surface area supports. Alini et al. 
supported a  CaMn0.6Cu0.4O3 perovskite on a  CeO2-ZrO2 
support [84]. The surface area of this catalyst increased from 
15  to 63  m2  g−1, with a 10% perovskite loading, the increase 
in surface area was due to the presence of the  CeO2-ZrO2 
support that the perovskite was dispersed on The  N2O con-
version over the catalyst increased from 58 to 67% at 500 °C. 
The authors linked both the increase in surface area and 
the contribution of the support’s oxygen mobility to the 
increase in observed activity [84]. However, Dacquin et al. 
reported that it was possible to increase the surface area of 
a  LaCoO3 from 12 to 50  m2  g−1 by changing the prepara-
tion method from templating to reactive grinding. [85] It 
was stated that the highest surface area catalysts were the 
most active for  N2O decomposition despite the phases of the 
perovskite present remaining constant between preparation 

methods. Therefore the increase in activity was ascribed to 
the increases in specific surface area and the higher density 
of oxygen vacancies present [85].

3.2  Supercritical Anti‑Solvent Precipitation: 
 La0.75Sr0.25Co0.81Fe0.19Ox (LSCF SAS)

Previously, we have shown that the surface area of a per-
ovskite can be significantly increased via a (SAS) prepara-
tion method [33]. A  La0.75Sr0.25Co0.81Fe0.19Ox (LSCF SAS) 
perovskite was prepared by SAS, the appropriate calcination 
temperature was determined by TGA and in situ XRD as 
800 °C, further details are provided in the SI. As such a 
high temperature is required for calcination (800 °C), which 
resulted in a specific surface area of 12  m2  g−1. An XRD 
measurement was performed at room temperature after cal-
cination at 800 °C and confirmed a single rhombohedral 
phase present.

3.3  Oxalic Acid Precipitation Method 
 La0.75Sr0.25Co0.81Fe0.19Ox (LSCF Oxalic)

To further investigate the effect of surface area, purity and 
lattice oxygen concentration on the activity of perovskite 
catalysts for  N2O decomposition, the LSCF perovskite was 
prepared using an oxalic acid-based method. Oxalic acid 
facilitates the formation of a metal oxalate network, which 
then collapses to form a well dispersed metal oxide [33, 44, 
86, 87]. In situ XRD and TGA were used to determine a 

Fig. 4  Graph showing  N2O 
decomposition using perovs-
kite-based catalysts. Reaction 
Conditions: 1%  N2O/He, total 
flow 100 mL  min−1. Legend: 
filled square—SCF, filled 
circle—LSC. If error bars are 
not present, then smaller than 
symbol and less than 1%
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suitable calcination temperature of 750 °C, further details 
are provided in the SI. An XRD measurement was per-
formed after calcination and confirmed a single-phase pre-
sent, confirming the rhombohedral structure. The final struc-
ture of all LSCF perovskites are shown in Fig. S7, LSCF is 
not restricted to one structure, as both a rhombohedral and 
cubic structure are noted. The specific surface area of the 
LSCF oxalic sample was calculated to be 14  m2  g−1 follow-
ing nitrogen adsorption experiments.

4  Discussion

The LSCF perovskite samples were used as catalysts for the 
decomposition of  N2O and compared to the activity of the 
ternary perovskite materials as illustrated in Fig. 4. LSCF 
citric demonstrated higher activity than both the original 
LSC and SCF catalysts, with a  T50 of 448 °C (Table 3), 
this is a decrease from 468 °C (LSC) and 585 °C (SCF). 
The incorporation of Fe into the B site of the LSC cata-
lyst allowed the use of a lower calcination temperature to 
form a phase pure perovskite. The surface area of the cata-
lyst remained consistent at 15  m2  g−1 without Fe (LSC), to 
13  m2  g−1 with Fe. As the surface area of the LSCF SAS 
catalyst is similar to the citric acid prepared sample, a simi-
lar catalytic activity was expected. However, this was not 
the case as the citric acid LSCF catalyst achieved a  T50 of 
448 °C, while the catalysts prepared by SAS achieved had 
a  T50 of only 577 °C. The LSCF oxalic catalyst was found 
to be less active when compared to LSCF citric, as the  T50 
increased from 448 to 475 °C (Fig. 5, Table 3). The surface 
area of the LSCF catalysts remained consistent across prepa-
ration methods, from 12 – 14  m2  g−1 (Table 3), indicating 
that for this set of catalysts the surface area does not deter-
mine the catalytic activity.

As suggested previously, the concentration of certain oxy-
gen species present in the perovskite may play a large part 
in the activity. XPS can be used to determine the oxygen 
species present, with four main species: lattice oxygen from 
lanthanide elements, lattice oxygen from transition metals, 
surface hydroxyl species or molecular water [65, 88]. The 
LSCF catalysts prepared by the three different prepara-
tion methods all have these four oxygen species, with large 
peaks associated to lattice oxygen present in all catalysts 
(Fig. 6). By incorporating Fe into LSCF citric, the percent-
age of surface lattice oxygen species decreased slightly from 
42% in LSC to 34% in LSCF citric, however, this is a large 
increase on the 1% seen in the SCF catalyst. This is possible 
even though all perovskites have an  ABO3 composition, all 
the catalysts have slightly different crystal structures. This 
depends on the ratio and size of the A and B site cations and 
the resulting A-O and B-O bond lengths. These catalysts 
have rhombohedral and cubic structures, of varying distor-
tions. As a result, there are differing numbers of oxygen 
vacancies and lattice oxygen depending on the structural 
flexibility before collapse [89]. As the concentration of 
surface lattice oxygen and the surface area have remained 
constant in the LSC to LSCF catalysts, this indicates that 
another factor is contributing to the increase in activity for 
this catalyst. The lattice oxygen concentration decreased 
from 34% in the citric acid prepared catalyst to 29% in the 
SAS prepared catalyst, despite the comparable surface area. 
This resulted in a large decrease in activity, the  T50 increased 
from 448 (citric) to 577 °C (SAS), which could be due to a 
combination of the decrease in lattice oxygen and a reduc-
tion in purity between the two catalysts: the catalyst prepared 
using citric acid has a purity of 100% but the catalyst pre-
pared by SAS has a purity of only 93%. LSCF oxalic has a 
lattice oxygen concentration of 34%, the same as the LSCF 
citric catalyst, however a decrease in  N2O conversion was 
noted,  (T50 increased from 448 to 475 °C) (Fig. 5). Although 

Table 3  Comparison between all catalysts, preparation method, composition determined by MP-AES, surface area, phase purity and the tem-
perature required for 50% conversion  (T50)

a Perovskite phase purity calculated using XRD diffraction pattern and the ratio between the single perovskite phase and any impurities.
b Lattice oxygen calculated by the ratio of lattice oxygen species to the sum of molecular water, transition metal lattice oxygen, hydroxyl species, 
as derived from XPS measurements.

Catalyst Preparation 
method

Pre-treat-
ment temp 
(°C)

Calcina-
tion temp 
(°C)

Composition deter-
mined by MP-AES

Perovskite 
phase purity 
(%)a

Surface 
area  (m2 
 g−1)

T50 (°C) N2O decom-
position rate 
at 450 °C (mol 
 h−1  kg−1)

Surface 
Lattice O 
(%)b

LSC Citric acid 200 900 La0.8Sr0.4CoO3.9 98 15 468 15.2 42
SCF Citric acid 200 900 Sr1.5CoFe0.2O5 81 7 585 1.8 1
LSCF Citric acid 200 550 LaSr0.5CoFe0.1O5.8 100 13 448 22.8 34
LSCF SAS 300 800 La0.8Sr0.1CoFe

0.2O5.2

93 12 577 4.6 29

LSCF Oxalic 300 750 La1Sr0.3CoFe0.2O5.5 100 14 475 17.2 34
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Fig. 5  Effect of preparation 
method on LSCF catalysts 
for  N2O decomposition over 
the temperature range of 200 
to 600 °C. Reaction condi-
tions: 1%  N2O/He, total flow 
100 mL  min−1. Filled square—
LSCF Citric, filled triangle—
LSCF SAS, filled circle—LSCF 
Oxalic. If error bars are not 
present, then smaller than sym-
bol and less than 1%

Fig. 6  XPS O 1s region of 
all LSCF catalysts. Fittings: 
Red—lattice  O2−, Blue—lattice 
 O2− transition metals, Orange—
Carbonate  CO3

2− or hydroxyl 
species  OH−, and Purple—
molecular water on surface
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both catalysts have the same percentage of lattice oxygen, 
the mobility of the species present may be different. If all the 
oxygen present in the O 1s 531 eV peak is carbonate then 
the C 1s peak at 289 eV should be three times as large, due 
to the ratio of C and O in  CO3

2−, therefore C 1s/ O 1s = 3, 
means only contribution from carbonate, if larger then con-
tribution from carbonate and hydroxyl. The lanthanum 3d 
XPS spectra (Fig. S4) shows that all lanthanum containing 
catalysts have both lanthanum oxide and lanthanum carbon-
ate present. As you can see from the data in Table S3, the 
SCF and LSCF SAS catalyst have only carbonate species 
present, but the LSC, LSCF Citric and LSCF Oxalic have 
both carbonate and hydroxyl species present at the surface. 
The catalysts that have only carbonate species present have 
poor catalytic activity, this could be due to a carbonate layer 
forming over the surface and blocking the active sites.

To expand the investigation into the oxygen species 
 O2-TPD was used to compare the mobility of the lattice 
oxygen species in the LSCF catalysts [28, 33]. Desorption 
below 300 °C indicates that chemically adsorbed  O2 is pre-
sent. α-Oxygen desorbs at 300–550 °C, which is oxygen that 
is removed from the surface to form an oxygen vacancy [26, 
76]. An oxygen vacancy is formed when oxygen is removed 
from the surface lattice structure, in the form of  O2 or  H2O, 
creating a defect site [90, 91]. Finally, above 550 °C, bulk 
lattice oxygen (β-O) desorbs [92, 93]. When comparing 
the  O2-TPD profiles of the three catalysts it is possible to 
compare the mobility of the lattice oxygen present. As there 
was no response in the region < 700 °C, only β-oxygen (also 
referred to as lattice oxygen) was present [26, 76]. A larger 
signal response during the  O2-TPD indicates a higher mobil-
ity of lattice oxygen present. The lower the temperature at 
which a response is measured, the more mobile the oxygen 
species present are [26, 76]. As mobility increases, the activ-
ity of the catalysts should also increase if the mobility of the 
oxygen is as important as previously described [93, 94]. In 
addition to lattice oxygen being required, oxygen mobility 
has also been shown to be crucial in the decomposition of 
 N2O due to the requirement to recombine O to form  O2 in 
the rate determining step. If there is a large amount of lat-
tice oxygen present that is mobile, this can then react with 
atomic O from the dissociated  N2O, forming  O2 and regen-
erating the active site. Figure 7a displays the  O2-TPD pro-
files of LSCF prepared by the three preparation methods. As 
predicted by XPS, the SAS preparation produced the catalyst 
with the lowest response, with the onset of desorption at 
the highest temperature; this corresponds to lattice oxygen 
that is not mobile, hence producing a poorly active cata-
lyst. The catalyst is not completely inactive, due to the small 
signal response seen at around 700 °C that corresponds to 
a small amount of mobile lattice oxygen. The oxalic and 
citric catalysts have similar responses at 750 °C, therefore, 
we consider that the mobility of the lattice oxygen is similar 

at these temperatures and hence why at low temperatures 
the activity of the catalysts is similar. All catalysts show no 
response in the  O2-TPD between 300 and 700 °C, which is 
the region where α-Oxygen is present [26, 76]. α-Oxygen is 
also referred to as oxygen desorbed to form oxygen vacan-
cies; this indicates that there are a very limited number of 
oxygen vacancies within this series of catalysts. Oxygen 
vacancies are important in this reaction as it is thought that 
the oxygen of  N2O could bind at a vacancy site and then 
initiate the decomposition of  N2O, as shown in Scheme 1.

If there are a limited number of the oxygen vacancies, 
then the catalyst may be limited in activity. The citric acid 
prepared catalyst produced a larger signal response than that 
of the oxalic catalyst above 750 °C and therefore has more 
mobile and available lattice oxygen for reaction. The prop-
erties of the catalysts are summarised in Table 3 with their 
activity for  N2O decomposition  (T50). The  H2-TPR shows 
the reducibility of the perovskites and therefore gives an 
indication about the mobility of the oxygen species due to 
the strength of the Co–O bond [74]. As mentioned previ-
ously; the reduction of surface-adsorbed O species or non-
stoichiometric excess oxygen reduction of oxygen species, 
including oxygen adsorbed on the oxygen deficiency, take 
place between 200 and 300 °C [75, 76] Followed by the step 
wise reduction of  Co3+ to  Co2+ between 200 and 360 °C 
and  Co2+ to  Co0 between 450 and 540 °C [77, 78]. As Fe 
is the only other reducible metal in these catalysts,  Fe3+ to 
 Fe3+/2+ reduction takes place at around 300 °C, followed by 
the reduction of  Fe3+/2+ to  Fe0 at around 700 °C [81]. The 
 H2-TPR of LSCF prepared by the three preparation methods 
are given in Fig. 7b. LSCF SAS and oxalic show very similar 
 H2-TPR profiles, comprised of  Co3+ to  Co2+ and  Fe3+ to 
 Fe3+/2+ reductions which occur between 250 and 450 °C, 
followed by the simultaneous reduction of  Co2+ to  Co0 and 
 Fe3+/2+ to  Fe0 between 550 and 800 °C. The  H2-TPR profile 
of LSCF citric is slightly different, the reduction of  Co3+ 

( ) ( )

( ) ( ) ( )

( ) ( )

Scheme  1  N2O decomposition mechanism on the surface of a per-
ovskite. Showing the use of oxygen vacancies (Ovac) and the impor-
tance of the mobility of lattice oxygen (Oads)
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to  Co2+ and  Fe3+ to  Fe3+/2+ occurs at a slightly lower tem-
perature between 200 and 350 °C, followed by the reduc-
tion of  Co2+ to  Co0 between 500 and 700 °C, with the final 
step assigned to the reduction of  Fe3+/2+ to  Fe0 between 690 
and 780 °C. The decreases in the reduction temperature 
of the Co species in LSCF Citric indicates that the Co–O 
bond strength is weaker and the mobility of the oxygen 
species is increased, which is vital for  N2O decomposition, 
as the recombination of surface oxygen is commonly the 
rate determining step [34, 35]. The combination of  H2-TPR 
and  O2-TPD indicate why the LSCF citric catalyst is the 
most active for  N2O decomposition, due to the presence of 
a weaker Co–O bond, and an increased oxygen mobility, 
aiding the recombination of oxygen species enabling the 
regeneration of active sites on the surface of the catalyst.

The Co 2p XPS spectra is shown in Fig. S8, all cata-
lysts have a peak present at 779.2 eV due to the presence of 
 Co3O4, this is a mixed oxidation state of Co(II) and Co(III) 
[63]. The presence of Co(II) species leads to the formation 
of a satellite at ca. 789 eV [63]. The broader the line shape 
the greater the Co 2+/3+ ratio, therefore the catalyst with 
the lowest  Co2+/3+ is LSC, followed by LSCF Oxalic and 
LSCF SAS [95, 96]. This indicates that these catalysts have 
very little redox capabilities. This is confirmed by  H2-TPR 
which shows a high reduction temperature required for the 
reduction of Co, indicating a strong Co–O bond, this subse-
quently limits the activity of the catalysts. Both the LSC and 
LSCF Citric have a much broader line shape than the other 
catalysts and these are the two most active catalysts. The 
improved catalytic activity can be attributed to the improved 
redox capabilities as shown by XPS and, in the case of LSCF 
citric,  H2-TPR.

The most active LSCF catalyst was tested at 450 °C for 
24 h to give an indication of the stability of the catalysts 
under reaction conditions (Fig. S9). The LCSF citric catalyst 

has a slight induction period of ca. 1.5 h, but the catalyst did 
not lose any activity over the time-period tested.

LSCF citric catalyst has a  T50 of 448 °C and a decom-
position rate of 22.8 mol  h−1  kg−1, this compares to Kumar 
et al. with a  T50 of 442 °C and a decomposition rate of 
1.2 mol  h−1  kg−1 using a  Pr0.2Ba0.8MnO3 catalyst [29], and 
Hutchings and co-workers who prepared a  Pr0.75Ba0.25CoO3 
catalyst that has a  T50 of 410 °C and a decomposition rate 
of 32 mol  h−1  kg−1 [33], therefore the LSCF is amongst the 
most active in literature.

5  Conclusions

We have shown that by altering the ratios of the A and B 
site cations it is possible to produce a pure phase perovskite 
at low temperatures, and by varying the preparation method 
it is possible to produce perovskites with different ratios 
of oxygen species. This work confirms the importance of 
lattice oxygen species that have high oxygen mobility for 
the decomposition of  N2O. Mobile lattice oxygen has been 
shown to be crucial, as the rate-limiting step in the decom-
position of  N2O is the formation of molecular oxygen. This 
is limited by adsorbed O species being close enough for 
recombination. However, if there are mobile lattice oxygen 
species present then these can aid recombination and regen-
erate the active site for  N2O decomposition. In the case of 
LSCF the activity correlates with the weaker Co–O bond 
and more mobile lattice oxygen present. The most mobile 
lattice oxygen, and therefore highest activity, was obtained 
with the citric acid preparation. LSCF citric catalyst has a 
 T50 of 448 °C and a decomposition rate of 22.8 mol  h−1  kg−1 
compared to other perovskites used in literature for  N2O 
decomposition this is amongst the most active.

Fig. 7  a Oxygen temperature programmed desorption  (O2-TPD) of LSCF catalysts, Black—Citric prep, Red—SAS prep, Blue—Oxalic prep. b 
 H2-TPR of all LSCF catalysts, performed at 5 °C  min−1 up to 800 °C, under a flow of 10%  H2/Ar.
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