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Abstract 

 

Sr1-x Mx TiO3 (x = 0 or 0.1; M = K or Gd) have been compared as catalysts for the 

flameless combustion of methane. The samples were prepared both by traditional sol-gel (SG) and 

by flame-hydrolysis (FH) procedure. All the catalysts possessed the perovskite-like structure, with 

some SrCO3 as impurity with  Sr0.9K0.1TiO3 prepared by SG procedure. All the samples prepared 

by FH were better catalysts than those prepared by SG. A further improvement in the catalytic 

activity was obtained with M = K, but only at temperatures lower than 550°C. X-band and Q-band 

EPR spectroscopies provided an explanation of this observation, based on the high mobility of 

surface O3
- species on the surface of the (FH) Sr0.9K0.1TiO3 sample.  
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1. Introduction 

 

Transition metal oxide mixtures with perovskite-like structure are well known catalysts for 

the catalytic flameless combustion (CFC) of methane. The well known sol-gel-citrate (SGC) 

procedure [1] allows to obtain a relatively high surface area and hence a better initial activity. 

However, the relatively low final calcination temperature (usually less than 700°C) attained with 

this procedure leads to a thermally poorly resistant material. Both these properties, thermal stability 

and high surface area, can be achieved by preparing the material in nano-size particles, calcined 

at very high temperature. An innovative preparation method of this kind has been recently 

mailto:cesare.oliva@unimi.it


 2 

proposed [2], based on flame-hydrolysis (FH) of aqueous solutions of precursor salts. In a previous 

work [3] three samples of SrTiO3 have been compared as catalysts for the CFC of methane, to 

investigate the influence of the different preparation parameters on their catalytic properties. It was 

found that the presence of paramagnetic species like M+/O- (M+ = Ti4+ or Sr2+) and Ti4+/O3
- is crucial 

for a good catalytic performance. In the present work, four samples of SrTi03 partially substituted 

with potassium (KFH and KSG) or gadolinium (GFH and GSG) for strontium have been 

investigated. Two of them (KFH and GFH) were prepared by FH, the other two (KSG and GSG) by 

the SGC technique. Potassium and gadolinium have been selected because K+ and Gd3+ possess 

ionic radius close to that of Sr2+  [4] and, therefore, they can be easily hosted in the Sr-titanate 

perovskitic crystal lattice without strong distortions in it. Moreover, the different ionic charge of 

potassium (1+) and gadolinium (3+) with respect to strontium (2+) induces a non-stoichiometric 

oxygen composition, which can affect the catalytic activity. Indeed, it has been reported [5] that 

partial substitution of K for La in La0.9K0.1Cr0.9O3- reduces the catalytic activity for CFC of methane, 

while increases the catalytic activity for soot combustion, e.g. for abatement of polluting particulate 

coming from Diesel engines. This behaviour was accounted for by hypothesizing the presence, in 

that catalyst, of two different kinds  and  of oxygen species, the former (“suprafacial”) desorbing 

in the 300-600°C temperature range and involved in soot combustion, the latter (“intrafacial”) 

desorbing in the 600-900°C range and involved in CFC of methane. The aim of the present work 

was then to investigate how the catalytic activity for the CFC of methane is affected by the partial 

substitution of Sr2+ with ions possessing a stable different oxidation state. In other words, our aim 

was to extend to other perovskitic catalysts the study of the effect of partial substitution of M2+ ions 

by ions with different valence, supporting this investigation by a deeper characterisation of the 

oxygen species through EPR analysis.  

 

2. Experimental 

 

2.1. Catalysts preparation 

A detailed description of the FH apparatus can be found elsewhere [2]. Briefly, a H2/O2 flame is 

used, in which a clear precursors’ aqueous solution is nebulised. The nano-size particles so 

formed are collected by means of an electrostatic precipitator. A temperature of  nearly 1600°C is 

attained by the flame in the region of particle formation. The high temperature and low residence 

time of the reagents in the flame guarantees a relatively high surface area and a very high thermal 

stability of the material. 

 

2.2. Preparation of the solutions for FH and SGC preparation 

 

2.2.1. FH samples 
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Sr0.9Gd0.1TiO3 (GFH) and Sr0.9K0.1TiO3 (KFH). 8 g of titanium iso-propoxide (Fluka, “purum”)  

were dropped under vigorous stirring in 50 cm3 of distilled water, to obtain a fresh titanium oxide 

(TiO2 nH2O) suspension. Then 1.5 mol excess of citric acid was added to the solution, together 

with ca. 1 vol.% of 30 wt.% aqueous H2O2 solution, so to obtain the complete dissolution of the 

solid through complexation. The solution so obtained was mixed with another solution (total volume 

10 cm3) containing the stoichiometric amount of Sr-acetate (Aldrich,  99.995% pure) and of either 

Gd(NO3)3 (Aldrich,  99.99% pure) or of K-acetate (Aldrich,  99.9% pure) and citric acid (citric 

acid:Ti molar ratio = 0.5:1). The excess water was finally removed in rotavapor, till 100 cm3 

residual volume [6]. 

 

2.2.2. SGC 

Sr0.9Gd0.1TiO3 (GSG) and Sr0.9K0.1TiO3 (KSG). The solutions used for the FH samples have 

been employed also for the SGC ones. The only difference was the removing of water to dryness 

in rotavapor, till the formation of the solid. The latter was then calcined in flowing air, by increasing 

temperature by 0.5°C/min up to 200°C, then by 1°C/min up to 850°C, kept for 1 h (KSG) or 5 h 

(GSG). 

 

2.3. Catalysts characterisation 

BET specific surface area (BETSSA) and porosity were determined by means of a Micromeritics 

ASAP 2010 instrument. XRD analysis was carried out by a Philips PW1820 powder diffractometer, 

using the Ni-filtered Cu Kα radiation (λ = 0.15418 nm). Shape and size of the particles were 

determined by means of a Cambridge Stereoscan 150 scanning electron microscope (SEM). X-

band EPR spectra were collected by means of a Bruker Elexsys instrument, equipped with an 

ER4102ST standard rectangular cavity and with a cryostatic ancillary apparatus. The magnetic 

field intensity was accurately checked by an ER035M Bruker Teslameter and the microwave 

frequency was measured by a HP 5340A frequency counter. 

The Q-band (34 GHz) measurements were performed with a Bruker ESP300 E spectrometer 

equipped with a Q-band bridge and an ER5106QT cavity. The instrumental parameters were: 

1 mW microwave power and 1 and 2 G modulation amplitude at 97 K and room temperature, 

respectively. The EPR spectra have been simulated by Bruker SimFonia and by SimEPR32 [7] 

simulation programmes. 

 

 

2.4. Catalytic activity tests 

Activity tests for the CFC of methane have been carried out by means of a bench-scale continuous 

apparatus. The catalyst (0.2 g), pelletised and then ground and sieved to 60–100 mesh particles, 

was mixed with 1.3 g of quartz particles of the same size and loaded into a vertical down-flow 
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tubular quartz reactor, 7 mm i.d. The catalyst was kept in the isothermal central part of the reactor 

by means of quartz wool flocks. The empty parts of the reactor, above and below the catalyst, were 

filled with quartz beads (10–20 mesh). Reactant gases flow rates were controlled by means of 

MKS mod. 1259 mass flow regulators governed by a MKS 470 unit. The reactor was heated by an 

electric furnace, regulated by an Eurotherm mod. 812 TRC. The outlet gas was analysed in line by 

means of an HP 5890A HWD gas chromatograph, equipped with Porapak Q and MS 5A columns. 

Before the reaction the catalyst was activated in situ in flowing air (20 cm3/min), while increasing 

temperature by 10 °C/min up to 600 °C, kept for 1 h. The activity tests were carried out by feeding 

a gas mixture composed of 10 cm3/min of 1.04% methane in helium and 10 cm3/min of air, while 

increasing temperature by 2 °C/min from 250 up to 650 °C. 

 

2.5. TPD analysis 

 

A detailed description of our TPD–MS apparatus was given in a previous paper [L. Forni, 

M. Toscano, P. Pollesel, J. Catal. 130 (1991) 392]. 

The catalyst (0.3 g, 0.15–0.25mm particle size) was loaded in a quartz reactor, heated by 

an electric furnace controlled by an Eurotherm, model 822, TRC. Prior to every TPD run 

the catalyst was heated (10.C/min) up to 800°C in flowing He (purity = 99.9999 vol.%). 

TPD of pre-adsorbed oxygen was carried out in He as carrier gas (20 cm3/min), after an 

overnight saturation of the sample in 20 cm3/min of air (purity = 99.9995 vol.%) at 750°C, 

followed by cooling down to 50°C. The temperature was then raised (10°C/min) to 800°C, 

then kept for 10 min. The composition of the outlet gas was monitored by means of a 

quadrupolar mass spectrometer (QMS), MKS model PPT Residual Gas Analyser. 

 

 

 

3. Results 

 

3.1. Catalysts characterisation by BET, XRD and SEM 

BETSSA was about 10 m2/g for GFH, 2 m2/g for GSG and ca. 5 m2/g for both KFH and KSG 

samples. GSG showed the lowest surface area because it needed a five hours heating at 850°C 

(vide supra) to obtain the perovskite structure. These conditions caused the partial sintering of the 

catalyst particles.  

XRD analysis (Fig.1) showed crystalline perovskitic structure for all the samples, accompanied for 

KSG by some SrCO3 (characteristic reflections of the latter at 2 = 25.17°, 25.80°, 36.53°, 44.08° 

[8]). The samples obtained by FH showed a higher crystallinity and phase purity with respect to the 
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same samples prepared by the SGC technique. The better phase purity of GSG was due to the 

longer calcination time.  

Crystal size was calculated by applying, to the main five reflections of the XRD pattern, the 

Scherrer’s equation [9]: 

D = 0.9 *λ*180/((B*cos θ)*π*10)   (1) 

where: 

B = (FWHM2 – 0.152)1/2, D = diameter of crystal (nm), λ = 1.5418 Å = wavelength of the X-ray 

source, FWHM = width at half-height of the peak, θ = diffraction angle, 180/π = correlation factor.  

The parameters obtained are collected in Table 1. 

 

 

 

 

 

Table 1 

Sample Crystal size(*) 

(nm) 

BETSSA 

m2/g 

Sr0.9K0.1TiO3 (KFH) 29 5 

Sr0.9K0.1TiO3 (KSG) 61 5 

Sr0.9Gd0.1TiO3 (GFH) 56 10 

Sr0.9Gd0.1TiO3 (GSG) 24 2 

(*) Calculated by the Sherrer equation 

 

 

SEM analysis (Fig.2) showed for GFH, GSG and KFH relatively uniform, nearly spherical particles, 

50-300 nm in size for GFH, 50-400 nm for GSG and 100-250 nm for KFH. KSG showed a totally 

different aspect and a much sintered structure. 

 

3.2. X band and Q band EPR spectra 

 

3.2.1. EPR spectra of  Sr0.9Gd0.1TiO3  (GFH) 

The X-band EPR spectrum of GFH showed a high-intensity, nearly symmetric band at room 

temperature (Fig. 3). With decreasing temperature, this feature broadened and its intensity 

increased, though less than expected on the base of the Curie’s law, while the presence of a bump 

(B) was becoming more evident on the left part of the spectrum (Fig.4). B became a bit more 

pronounced after BET analysis of the sample, whilst it completely disappeared after treating the 

sample with air at 600°C for 1h. By contrast, the spectral shape did not change significantly after 
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catalytic use of GFH for CFC of methane, though the overall spectral intensity decreased. A more 

symmetric spectrum was obtained by Q-band EPR.  At room temperature (Fig.3) it was almost 

perfectly fitting the sum of two Lorentzian lines at g = 1.991 and  2.020, with a width of 604 G and 

1600 G, respectively, the former line corresponding to a species 4 times more concentrated than 

the latter. At 100 K these two lines changed a bit, assuming g = 1.990 and  2.010, with a width of 

671 G and 2160 G, respectively, the former corresponding to a species 1.5 times more 

concentrated than the latter (spectra here not shown). 

 

3.2.2. EPR spectra of  Sr0.9Gd0.1TiO3  (GSG) 

Both X-band and Q-band EPR spectra of fresh GSG at room temperature were composed of a 

single nearly symmetric feature at g = 1.991, with a peak-to peak width of ca. 40 G (Fig.5), i.e less 

than 1/10 that observed with GFH (Fig.3). With decreasing temperature, the intensity of these GSG 

spectra decreased a bit, while a second broader overlapping feature appeared both in X-band and 

Q-band (Fig.6) spectra.  

 

3.2.3. EPR spectra of  Sr0.9K0.1TiO3  (KFH) 

A completely different feature was recorded with KFH, both with X-band and Q-band EPR. Indeed, 

this spectrum (Fig.7) was composed of a very narrow Lorentzian-shaped line at g2.008, with 

temperature-independent peak-to-peak width Hpp= 1.6 G (X-band) and 3.4 G (Q-band). As shown 

in Fig.8, this pattern was characterised by intensity (but not shape) comparable to that observed 

with pure SrTiO prepared by the same FH procedure (Sample T2 of [3]). By contrast, this 

intensity was by far lower than that of the broad features above reported with GFH and GSG: 

therefore, we cannot exclude its presence also with those samples, masked by their main spectral 

feature. Furthermore, this pattern disappeared after catalytic use of KFH.  

 

3.2.4. EPR spectra of  Sr0.9K0.1TiO3  (KSG) 

No EPR signal at all was observable with fresh KSG sample. However, sometimes a low-field 

broad band, becoming more intense with decreasing temperature, appeared after catalytic use 

(Fig.9). When this was the case, the intensity of this feature was strongly reduced by carrying  on a 

deeper oxidation of the sample. For example, the R.T. spectrum of Fig.9 reduced to about 1/10 

after sample oxidation in air at 600°C for 1 h, while its maximum moved by about 490 G towards 

higher field values. The only titanate sample showing this kind of spectrum was the undoped 

SrTiO prepared by the SG method (Sample T3 of [3]) after use as catalyst for CFC of methane 

(spectrum here not shown).  

 

3.3 Activity tests for the CFC of methane 
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In-line analysis of the gas out coming from the methane CFC reactor was made every 10 min. 

Some results are collected in Fig.10 as mol% conversion of methane vs. temperature.                                                                                                                                                                                                                            

KFH was the most active catalyst until ca. 600°C.  At higher temperature GFH was more active 

than KFH, though pure SrTiO (Sample T2 of [3]) showed the best catalytic performance. KSG 

and especially GSG showed the worst catalytic activities at any investigated temperature (not 

reported).  

 

3.4 TPD analysis 

TPD analysis (Fig.11) showed that the present KFH sample possesses a greater availability of O2 

than the un-doped SrTiO3 sample (T2 in [3]) until ca. 600°C. Beyond this temperature T2 

releases a bit more oxygen than KFH.  

 

4. Discussion 

The EPR spectra observed with the four examined samples are surprisingly different from each 

other, depending both on chemical composition and preparation method.  

The great intensity and the spectral shape of the broad X-band spectrum reported at room 

temperature with GFH (Fig.3) can be safely attributed to ferromagnetic (FM) resonance of Gd3+ ion 

domains. In particular the bump B (more accentuated at lower temperatures, Fig.4) indicates the 

presence of an internal magnetic field in FM systems with positive axial anisotropy [10].  

Furthermore, the spectral intensity of this pattern decreases at higher temperature by far less than 

expected on the base of the Curie’s Law, indicating that the single ions are indeed reciprocally 

interacting in a ferromagnetic way.  The Q-band spectrum of the same GFH sample  appears more 

symmetric, and composed (vide supra) by two overlapping Lorentzian lines (Fig.3), 604 G and 

1600 G broad, respectively, at room temperature, both broadening with decreasing temperature.  

The presence of the bump B in the X-band spectrum, and not in the Q-band one, further confirms 

the attribution of B to FM systems with magnetic anisotropy Ha  H – H.  Indeed,  the last 

causes a more accentuated broadening of the resonance line at lower (X-band) than at higher (Q-

band) microwave frequencies, as indicated [10] by the equation: 

 

Ha = ’ [Q Hpp(X) - X Hpp(Q)] / (Q - X)    (2) 

 

where ’ = 1.732 for Lorentzian shape. However, no reliable quantitative evaluation of the 

magnetic anisotropy  Ha(GFH) can be obtained, due to the low spectral resolution (Fig.3).  

The intensity of the narrow X-band and Q-band lines of SGC (Fig.5)  is not increasing at all 

with decreasing temperature, as it should be on the base of the Curie’s law, but, on the contrary, it 

decreases a bit, while a second broader overlapping pattern appears. This behaviour is in 

accordance with the particle nanometric size of this sample. In fact, it has been reported [10] that 
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with small (single-domain) particles (with diameter of ca. 20 nm as with GSG) the FM resonance 

bands contribute to broad features like that of Fig.6 at low temperature only. By contrast, at higher 

temperature, when kT overcomes the small anisotropy energy of these particles, the FM 

resonance bands narrow and merge into a Lorentzian-shaped (Superparamagnetic, SPM) line 

similar to the symmetric narrow feature of Fig.6. At intermediate temperatures an intermediate 

regime must occur in these systems, in which a “two-line pattern” as that of GSG at 100 K (Fig.6) 

appears, formed of a broad feature overlapping a narrower one [11-14]. The relative intensity of 

these two spectral contributions depends on particle size and shape distribution function, as well 

as on the magnitude of the magnetic anisotropy.   

In any case, these FM (or SPM) species formed with GFH and GSG samples seem not 

much involved in the present catalytic reaction. Indeed, only a small decrease of their spectral 

intensity was noticed, while their spectral profile did not change significantly, after the use of these 

catalysts for the present reaction. 

A completely different situation can be sketched for the Sr0.9K0.1TiO3 sample. Indeed, the 

partial substitution of K+ for Sr2+ could be counterbalanced both by a partial oxygen deficiency (i.e. 

a negative sign in front of ) and/or a partial oxidation of Ti3+ to Ti4+. However, the last is confirmed 

by the EPR spectra of KFH (Fig.7, 8), the single line at g2.008 being attributable to Ti4+/O3
- [3, 15-

17]. Indeed, a single EPR feature with central g value of 2.008 has been attributed to O3
- ions 

adsorbed on titania surfaces [18] and to O2
- adsorbed on other solid systems [19-22] and in most 

cases such ions were characterised by high mobility (“suprafacial”  oxygen). The apparently a bit 

broader line recorded with KFH at higher microwave frequency (Fig. 7) should be due to the higher 

spectral resolution of the Zeeman spectral components, obtained by the Q-band EPR analysis with 

respect to X-band. 

The disappearing of this line after catalytic use indicates that the corresponding 

paramagnetic species is involved in the reaction, i.e. that it is very likely a surface species. A 

comparison between KFH and the corresponding SrTiO3 sample prepared by the same FH 

method (labelled with T2 in ref. [3]) confirms this attribution. The EPR spectra of these two samples 

(Fig.8) have the same mean g value (at room temperature), nearly the same (low) intensity, but a 

different shape. The broad and asymmetric line of T2 is due to paramagnetic species not 

completely free to move on the surface of the catalyst. By contrast, the narrow and symmetric line 

of KFH suggests that the same paramagnetic species are almost free to move, mixing their 

magnetic Zeeman anisotropies and, therefore, showing a “motional narrowed” Lorentzian-shaped 

spectrum. Indeed, g tensor anisotropies of about 1 x 10-3, corresponding at ca. 6 G at 34 GHz (Q-

band) i.e to 17 MHz, were reported [3] for T2 at low temperature. By contrast, these anisotropies 

were not resolved with KFH in the present investigation. This means that the exchange frequency 

of anisotropy mixing must exceed 17 MHz with KFH, but not with T2. The low temperature 

availability of almost free  oxygen on the KFH surface is in line with the better activity of this 
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catalyst with respect to the undoped T2 sample at lower temperature only (Fig.10). At higher 

temperature KFH has lost its  surface oxygen (Fig.11), so becoming less active than T2 (Fig.10).  

At last, the low-field broad band shown only by KSG (Fig.9) and by SrTiO3 (SG) (sample 

T3 of ref.3) after catalytic use need a deeper discussion. A feature like this has been found by us 

[23] with a La0.9Sr0.1CoO3 perovskitic sample, characterised by a relatively low catalytic activity for 

the CFC of methane, as KSG in the present paper and T3 in ref.3. This low-field spectrum can be 

attributed to the presence of FM systems like spin bags of O- [23-25], forming in incompletely re-

oxidised perovskites.  In fact, re-oxidation should proceed [26] as follows:  

 

O2,g  O2
-
,ads + h        (3) 

O2
-
,ads  O2

2-
,ads + h        (4) 

O2
2-

,ads  2  O-
ads        (5) 

 O-
ads + VO

  OO
X + h       (6) 

 

where h = hole, VO
 = vacant oxygen site, OO

X = (uncharged) oxygen on lattice site. 

It has also been reported that all catalysts show two re-oxidation regimes. The first one is 

accompanied by a low enthalpy change and is connected with the re-oxidation of surface 

vacancies. The second one corresponds to the re-oxidation of bulk oxygen vacancies and is 

characterised by a much higher enthalpy change, as well as by a marked dependence on structure 

and composition of the sample, greatly affecting the oxygen vacancy diffusion. Therefore, 

incomplete bulk vacancies re-oxidation would end at step (4), leaving a significant amount of  O-
ads 

in the sample, grouping into spin bags showing the FM resonance spectra of Fig. 9. 

 

5. Conclusions 

 

The partial substitution of Sr2+ in SrTiO3 causes a worsening of the catalytic activity of the sample 

when the charge of the dopant ion is 3+, but an improvement, though only at lower temperature, 

when that charge is 1+. Indeed, in the former case the partial substitution with the trivalent Gd3+ ion 

forces Ti4+ to Ti3+, which cannot take part any more in the CFC of methane. By contrast, the 

oxidation of Ti3+ to Ti4+, forced by the partial substitution with the monovalent K+ ion, favours the 

formation of the oxidant species Ti4+/O3
-. However, O3

- ions appear almost free to move on the 

KFH surface (“suprafacial” oxygen species) as confirmed by their narrowed Lorentzian-shaped 

EPR line, observed even at 34 GHz microwave frequency (Q-band) EPR. By contrast, O3
- species 

remain more firmly adsorbed on the surface of the undoped (T2) sample. Hence, KFH reveals a 

catalytic activity higher than T2 at T < 550°C, because of its higher availability of surface almost 

free (suprafacial)  O3
- species, favouring a higher activity for soot combustion [5].  
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Figure captions 

 

Fig.1 XRD patterns 

 

Fig.2 Typical SEM images 

 

Fig.3 Room temperature EPR spectra of GFH sample. The arrow indicates the X-band EPR 

experimental pattern (track thinner than for Q-band spectrum). L1 and L2 are two 

Lorentzian-shaped lines simulating the Q-band EPR line.  

 

Fig.4 X-band EPR spectra of GFH sample, recorded at 140 K (thicker track) and 290 K (thinner 

track, multiplication factor 1.75). 

 

Fig.5 Room temperature Q-band (thicker track) and X-band (thinner track) EPR spectra of GSG 

sample. 

 

Fig.6 Q-band EPR spectra of GSG sample, recorded at two different temperatures. 

 

Fig.7 X-band and Q-band EPR spectra of KFH sample, recorded at 290 K. The thinner line is a 

Lorentzian-shaped simulation.  

 

Fig.8 X-band EPR spectra of KFH and T2 samples, recorded at 140 K. 

 

Fig.9 X-band EPR spectra of a KSG sample, after catalytic use for the CFC of methane. 

Recording temperatures ranging between 120 K (bottom) and 290 K (top). 

 

Fig.10 Comparison of the activity of KFH, GFH and T2 catalysts for the CFC of methane. 

 

Fig.11 TPD of O2 for KFH and T2 samples.  
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 Fig.7: Experimental (thicker) and simulated (thinner) spectra of KFH at 290K. X-band 
(upper) and Q-band (lower) EPR patterns.  

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8: X-band EPR spectra of KFH and T2 at 140K 
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