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8Abstract

9A series of BaMn0.7Cu0.3O3 solids were prepared by a modified sol-gel method in which 
10carbon black (VULCAN XC-72R), and different calcination temperatures (BMC3-CX, 
11where X indicates the calcination temperature) have been used. The fresh and used 
12catalysts were characterized by ICP-OES, XRD, XPS, FESEM, TEM, O2-TPD and H2-
13TPR. The presence of a carbon black during sol-gel synthesis of BMC3 mixed oxide 
14allows diminishing the calcination temperature needed to achieve the perovskite 
15structure, but it hinders the formation of the BaMnO3 polytype. The use of low 
16calcination temperatures during synthesis reduces the sintering effects, and the mixed 
17oxides present lower particle size, slightly higher BET surface areas and macropores 
18with lower diameter than BMC3. The distribution of copper in BMC3-CX catalysts 
19depends on the calcination temperature and copper insertion into the perovskite 
20structure is promoted as the calcination temperature increases. All BMC3-CX catalysts 
21are active for NO to NO2 and NOx-assisted soot oxidation processes, but only BMC3-
22C600 and BMC3-C700 show higher catalytic activity than BMC3 reference catalyst. 
23BMC3-C600 presents the best performance as it features a high amount of surface 
24copper and oxygen vacancies that increase during reaction. The comparison between 
25the performance of the best catalysts of the BM-CX series (BM-C700) and of the BMC3-
26CX series (BMC3-C600) suggests that the unique advantage of using copper in the 
27modified sol-gel synthesis is an additional decrease of 100ºC in the calcination 
28temperature used for the synthesis, which is 700ºC for BM-CX and 600ºC for BMC3-CX.

29Keywords: BaMnO3 perovskite; diesel soot oxidation, sol-gel synthesis, carbon 
30black, copper

31

 Corresponding author.
Email adresses: illan@ua.es (María-José Illán-Gómez)

This is a previous version of the article published in Fuel. 2022, 328: 125258. https://doi.org/10.1016/j.fuel.2022.125258

mailto:illan@ua.es
https://doi.org/10.1016/j.fuel.2022.125258


32

331. Introduction

34Due to the current demand for cheaper and more efficient technologies,
35perovskite-like materials (ABO3) are being widely studied for different purposes [1-
363]. The perovskites are interesting mixed oxides as their properties can be widely 
37tuneable by using different strategies, such as i) synthesis procedure [4-8], ii) 
38selection of A [2,3] and B [9,10] cation, iii) partial substitution of A [11,12] and/or B 
39[13-17] cation, and iv) doping [11, 18-20]. Among other use, these solids are 
40potential substitutes of PGM-based catalysts [21-24], highly used in the current 
41automotive exhausts to remove the pollutants before being emitted to the 
42atmosphere. 

43Previous results of the authors [25] reveal that the use of a modified sol-gel 
44synthesis seems to improve the chemical and physical properties of the BaMnO3 
45perovskite and, for hence, the catalytic activity for NO to NO2 conversion and for 
46diesel soot oxidation. The use of carbon black during sol-gel synthesis allows a 
47decrease in the calcination temperature to obtain a perovskite-like structure from 
48850ºC to 600ºC and, consequently, the sintering effects decreased, and an enhanced 
49catalytic performance is observed. On the other hand, it was demonstrated that the 
50incorporation of copper, for the partial substitution of Mn in the BaMnO3 perovskite 
51(BaMn0.7Cu0.3O3), improves the catalytic stability for soot oxidation during 
52successive NOx-TPR cycles. This fact is due to the enhancement of initial soot 
53oxidation rate which allows a reduction in the carbon deposition and, hence, the 
54catalyst deactivates more slowly than the copper-free perovskite (BaMnO3) [26]. 

55Therefore, the aim of this paper is to analyse the effect of the modified sol-gel 
56synthesis (using carbon black and different calcination temperatures [25]) combined 
57with the partial substitution of manganese by copper [26] in the chemical and 
58physical properties of the BaMnO3 perovskite. Furthermore, the catalytic activity of 
59synthetized catalysts for NO to NO2 conversion and, for diesel soot oxidation is also 
60analysed.

612. Materials and Methods

622.1. Synthesis and characterization of catalysts
63A series of BaMn0.7Cu0.3O3 solids were prepared by a modified sol-gel method in 

64which carbon black (VULCAN XC-72R), and different calcination temperatures 
65(BMC3-CX, where X indicates the calcination temperature) have been used. As 
66reference, a BaMn0.7Cu0.3O3 solid was prepared by the conventional sol-gel synthesis 
67(BMC3).



68The sol-gel synthesis of BMC3 [26] starts with a citric acid solution (1M) heated 
69up to 60ºC and a pH of 8.5, adjusted with an ammonia solution, in which the 
70precursors (Ba(CH3COO)2, Mn(NO3)2·4·H2O, and Cu(NO3)2·3·H2O) are added. The 
71solution is heated up to 65ºC and, after 5h, a gel is formed which is subsequently 
72dried at 90ºC for 48h. Finally, the dried solid is calcined at 150ºC (1ºC/min) for 1h, 
73and at 850ºC (5ºC/min) for 6h.

74The modified sol-gel synthesis follows the steps of the conventional sol-gel 
75synthesis above described but adding carbon black (Vulcan XC-72R) with a 1:1 
76(carbon black: BaMn0.7Cu0.3O3) mass ratio [25]. Then, the mixture is vigorously 
77agitated for 1 h, and after drying the mixture at 90ºC for 48h, the solid is calcined at 
78150ºC (1ºC/min) for 1h, and at different temperatures ranging from 600ºC to 950ºC 
79(5ºC/min) for 6h. 

80

81For samples characterization, different techniques have been used. 
82The barium, manganese and copper content were measured by micro-X-Ray 

83fluorescence (μ-XRF), using an Orbis Micro-XRF Analyzer from EDAX and by ICP-
84OES, on a Perkin-Elmer device model Optimal 4300 DV. For ICP-OES analysis, the 
85elements are extracted by the mineralization of the samples using a diluted aqua 
86regia solution (HNO3:HCl, 1:3) and stirring at room temperature for 1 hour. 

87The textural properties were determined by N2 adsorption at -196ºC using an 
88Autosorb-6B instrument and by Hg porosimetry carried out in a Poremaster-60 GT 
89equipment, both from Quantachrome (Anton Paar Austria GmbH). The samples 
90were degassed at 250ºC for 4 h before the N2 adsorption experiments and dried at 
9160ºC for 12 h before Hg porosimetry analysis. 

92The degree of removal of carbon black used in the modified sol-gel synthesis has 
93been determined by Thermogravimetric Analysis (TGA) in a Q-600-TA equipment, 
94by heating 10 mg of solid from room temperature to 950ºC (10ºC/min), under a flow 
95of 100mL/min of helium.

96The crystalline structure was studied by X-Ray Diffraction (XRD). The X-Ray 
97patterns were recorded between 20-80º 2θ angles with a step rate of 0.4º/ min and 
98using Cu Kα (0.15418 nm) radiation in a Bruker D8-Advance device. 

99The morphology of catalysts was analysed by electronic microscopy, using a 
100JEOL JEM-1400 Plus TEM equipment for Transmission Electronic Microscopy 
101(TEM), and a ZEISS Merlin VP Compact for Field Emission Scanning Electronic 
102Microscopy (FE-SEM).

103The chemical surface properties were obtained by X-Ray Photoelectron 
104Spectroscopy (XPS), using a K-Alpha Photoelectron Spectrometer by Thermo-
105Scientific with an Al Kα (1486.7 eV) radiation source. To obtain XPS spectra, the 
106pressure of the analysis chamber was maintained at 5 × 10−10 mbar. The binding 



107energy (BE) and kinetic energy (KE) scales were adjusted by setting the C 1s 
108transition at 284.6 eV, and the BE and KE values were then determined with the 
109peak-fit software of the spectrometer. The XPS ratios OLattice/(Ba+Mn), 
110Cu/(Ba+Mn+Cu) and Mn(IV)/Mn(III) have been calculated by the area under the 
111suggested deconvolutions of O1s, Mn 3p3/2, Cu 2p3/2 and Ba 3d5/2 bands.

112Reducibility of catalysts was determined by Temperature Programmed 
113Reduction with H2 (H2-TPR) in a Pulse Chemisorb 2705 (from Micromeritics) with a 
114Thermal Conductivity Detector (TCD) and using 30 mg of sample which was heated 
115at 10ºC/min from 25ºC to 1000ºC in 5%H2/Ar atmosphere (40 mL/min). The 
116quantification of the H2 consumption was carried out using a CuO reference sample.

117O2-TPD experiments were performed in a TG-MS (Q-600-TA and Thermostar 
118from Balzers Instruments (Pfeiffer Vacuum GmbH, Germany) respectively), with 16 
119mg of sample heated at 5ºC/min from room temperature to 900ºC under a 100 
120mL/min of helium atmosphere. The 18, 28, 32 and 44 m/z signals were followed for 
121H2O, CO, O2 and CO2 (respectively) evolved during these experiments. The amount 
122of evolved oxygen is estimated using a CuO reference sample.

1232.2. Activity tests
124The activity for NO and NOx-assisted soot oxidation was carried out by 

125Temperature Programmed Reaction in a quartz fixed-bed reactor, heated up from 
12625ºC to 800ºC (10ºC/min), under a gas flow mixture (500 mL/min) containing 500 
127ppm NOx, 5% O2, balanced with N2. For NO oxidation experiments, 80 mg of 
128catalyst was diluted with 320 mg SiC. Soot oxidation tests were performed mixing 
12980 mg of catalyst and 20 mg of Printex-U (the carbon black used as model soot) with 
130a spatula to ensure loose contact, and the mixture was diluted with 300 mg of SiC. 
131The most active catalysts were also tested under isothermal soot oxidation 
132conditions, at 450ºC for 180 min. The gas composition was monitored by specific 
133NDIR-UV gas analysers for NO, NO2, CO, CO2 and O2 (Rosemount Analytical 
134Model BINOS 1001, 1004 and 100, Emerson Electric Co., St. Louis, MO, USA).The 
135NOx conversion and the NO2 generation percentages were calculated using the 
136following equations: 

137NOx conversion(%) =
(NOx,in ‒ NOx,out)

NOx,in
·100   (1)

138NO2,out NOx,out(%) =
NO2,out

NOx,out
·100  (2)

139Where NO2, out and NOx,out are the NO2 and NOx (NO+NO2) concentrations 
140measured at the reactor exit.

141The soot conversion and CO2 selectivity were determined as:



142Soot conversion (%) =
∑t

0
CO2 + CO

final

∑
0

(CO2 + CO)

·100     (3)

143CO2 Selectivity (%) =
CO2

final

∑
0

(CO2 + CO)

·100    (4)

144Where  is the amount of CO2 and CO evolved at a time t, while ∑t
0(CO2 + CO)

145 and  are the total amount of CO2 and CO+CO2 evolved ∑final
0 CO2 ∑final

0 (CO2 + CO)

146during the test. 

1473. Results and Discussion

1483.1. Characterization of fresh catalysts
149The remaining carbon black after the calcination step was determined by 

150thermogravimetric analysis. The weight profiles for BMC3-CX series (shown in 
151Figure A.1 in the Appendix A), indicate that, as observed in the absence of copper 
152[25], most of the carbon black has been efficiently removed during the synthesis as 
153the percentage of remaining carbon black ranges from 6% for BMC3-C600 to 1% for 
154BMC3-C850 (see data in Table A.1 in the Appendix A).

1553.1.1. Chemical composition: ICP-OES
156The copper, manganese and barium content has been determined by ICP-OES 

157and the results are shown in Table 1 as the mass percentage of copper and the Cu/Ba 
158and Mn/Ba molar ratios, being the nominal values corresponding to the 
159BaMn0.7Cu0.3O3 composition included as a reference. The results point out that the 
160modified sol-gel synthesis is a successful method to obtain the BaMn0.7Cu0.3O3 
161composition since all the catalysts present not only the required amount of copper, 
162but also copper and manganese are in the expected molar ratios respect to barium.

163Table 1. Copper content (w/w%), Cu/Ba and Mn/Ba molar ratio determined by ICP-OES for 
164BMC3 series and BMC3 as reference

Cu (%) Cu/Ba Mn/Ba

Nominala 7.8 0.3 0.7

BMC3-C600 8.0 0.3 0.7

BMC3-C700 7.6 0.3 0.7

BMC3-C750 7.3 0.3 0.7



BMC3-C850 8.0 0.3 0.7

BMC3 7.6 0.3 0.7

165a corresponding to BaMn0.7Cu0.3O3 composition

1663.1.2. Structural properties: XRD
167Figure 1 gathers X-Ray patterns for BMC3-CX series and for BM (BaMnO3) and 

168BMC3 as references [26]. As observed for BM-CX catalysts series [25], the use of 
169carbon black allows the synthesis of perovskite-like mixed oxides (BaMnO3 
170hexagonal PDF number: 026-0168, denoted by the ICDD) at lower temperatures 
171than the conventional sol-gel method [26]. Additionally, it is observed that the 
172formation of the BaMnO3 polytype, the main crystal phase in BMC3 [26], is hindered 
173in presence of carbon black.

174The X-Ray pattern of BMC3 [26] reveals that the insertion of copper into the 
175BaMnO3 perovskite-like structure, by partial substitution of manganese, promotes a 
176new order in MnO6 octahedrons, forming a BaMnO3 hexagonal polytype due to the 
177difference in the ionic radii of manganese (Mn4+=53 pm, Mn3+=65 pm) and copper 
178(Cu2+=73 pm) with octahedral coordination [27]. Nevertheless, in presence of the 
179carbon black, the BaMnO3 polytype structure is not the main phase and a mixture of 
180BaMnO3 hexagonal and polytype phases is identified. In fact, a relationship between 
181the calcination temperature and the proportion of each crystalline phase is 
182observed, because as the calcination temperature increases, the polytype phase 
183becomes more relevant, being the main phase for BMC3-C750 and BMC3-C850. 
184Thus, to try obtaining a pure BaMnO3 polytype crystal phase, a higher calcination 
185temperature was used (950ºC), but for BMC3-C950 sample a low amount of BaMnO3 
186hexagonal phase is still being identified. So, it can be concluded that carbon black 
187hinders the insertion of copper, but the blocking effect decreases as the calcination 
188temperature increases. 



189Figure 1. X-ray patterns for BMC3-CX series and BM and BMC3 as references [26]

190On the other hand, even all the catalysts of the BMC3-CX series present almost 
191the same percentage of copper (see Table 1), the diffraction peaks corresponding to 
192CuO (pointed with a cross in Figure 1) do not become more intense as the 
193calcination temperature decreases, as it could be expected if copper is not inserted 
194into the perovskite lattice [14, 28]. Table 2 presents the lattice parameters for the two 
195structures detected. The lattice parameters corresponding to BaMnO3 hexagonal 
196structure do not change, therefore, this structure is not modified due to the presence 
197of copper. However, attending to the BaMnO3 polytype lattice parameters, it is 
198found that, as the calcination temperature increases, the lattice parameters are closer 
199to the observed for BMC3 [26]. So, this trend confirms that the insertion of copper 
200into the perovskite structure needs high temperatures.

201Thus, the X-Ray pattern of BMC3-C600 reveals that copper is not being inserted 
202into the lattice, because the unique perovskite phase is BaMnO3 hexagonal and the 
203lattice parameters are very similar to the shown by BM, which presents the BaMnO3 
204hexagonal structure. However, the CuO/BaMnO3 intensity does not increase 
205regarding the others BMC3-CX catalysts. Therefore, it seems that copper oxide 
206seems to be well dispersed, and the crystal size is lower than the detection limit of 
207the DRX technique or it could be forming amorphous particles of CuO.

208As for BM-CX catalysts [25], different crystal phases are identified for the BMC3-
209CX catalyst series depending on the calcination temperatures used during synthesis:

210BMC3-C600 and BMC3-C700 catalysts show the BaMnO3 hexagonal structure as 
211the main phase, being barium carbonate, which is present due to the low calcination 
212temperature [29], and copper oxide the minority crystal phases. 



213BMC3-C750 and BMC3-C850 also present the BaMnO3 hexagonal structure as the 
214main phase, but barium carbonate is not detected (since the calcination 

215temperature is high enough to remove it) and the polytype and a low amount of 
216copper oxide are identified.

217Table 2. Structural, morphological and textural data for BMC3-CX series and BM and BMC3 
218as references

219a main diffraction peak BaMnO3 hexagonal (≈31.4º)

220b main diffraction peak BaMnO3 polytype (≈30.9º)

221c from main diffraction peaks BaMnO3 hexagonal ≈31.4º (110) y ≈25.8º (101)

222d from main diffraction peaks BaMnO3 hexagonal ≈30.9º (110) y ≈27.0º (101).

223BMC3-C950 shows the BaMnO3 polytype structure as the main crystal phase but 
224the hexagonal phase is still detected. So, calcination temperatures higher than 950ºC 
225should be used to achieve the pure phase detected in BMC3 [26].

226The average crystal sizes, calculated by the Scherrer equation for both perovskite 
227phases, shown in Table 1, are lower than calculated for BM reference catalyst [25] 
228but do not reveal a clear trend with the calcination temperature. Therefore, the 
229presence of copper seems to hinder the crystal growth, since all the BMC3-CX 
230present similar average crystal sizes. A similar effect has been observed for 
231magnesium dopped LaCoO3 perovskites [30, 31]. 

232Thus, the XRD results suggests that for BMC3-CX catalysts series, the 
233incorporation of copper into the perovskite-like structure (BaMnO3 hexagonal) 
234depends on the calcination temperature: at 600ºC, the formation of small particles of 
235copper oxide seems to be promoted, and at temperatures higher than 700ºC, the 
236diffusion of copper into the perovskite-like lattice is facilitated, allowing the 
237formation of the BaMnO3 polytype phase.

Lattice parametersAverage crystal size 
(nm) BaMnO3

c Polytyped

BaMnO3
a polytypeb a (nm) c (nm) a (nm) c (nm)

SBET 
(m2/g)

BMC3-C600 27 - 5.693 4.809 - - 23

BMC3-C700 26 - 5.697 4.806 5.769 4.395 25

BMC3-C750 - 26 5.697 4.799 5.769 4.378 9

BMC3-C850 - 29 5.697 4.806 5.776 4.357 4

BMC3 - 21 - - 5.789 4.355 <5

BM 40 - 5.698 4.806 - - 5



2383.1.3. Textural and morphological properties
239The low BET surface area of samples, featured in Table 2, are the expected for 

240solids with a poorly developed porosity, as mixed oxides with perovskite like 
241structure are [33-35]. However, as for BM-CX series [25], a slight increase in the BET 
242surface area as the calcination temperature decreases is found. This fact seems to be 
243related to the lower trend of the particles to aggregate revealed by TEM images, 
244shown in Figure 2, where amorphous particles with different sizes are observed 
245[25].



246Figure 2. TEM images for catalyst: (a) BMC3, (b) BMC3-C600, (c) BMC3-C700, (d) 
247BMC3-C750 and (e) BMC3-C850

248The range of pore diameter has been estimated by Hg porosimetry and Figure 3 
249shows the logarithmic pore size distribution for the BMC3-CX series and BMC3 
250reference catalyst. It is observed that the decrease of the calcination temperature in 
251the presence of the carbon black allows the development of a narrower 
252macroporosity, so, lower pore diameter than BMC3 reference is found for BMC3-
253CXseries as the calcination temperature decreases. This effect was also observed in 
254the absence of copper [25] and for perovskite-like solids when PMMA is used as 



255hard-template [36,37]. Thus, while BMC3 mainly presents large-diameter 
256macropores related to the inter-particle space, BMC3-C600 shows a combination of 
257macropores due to the intra and inter-particle space. Thus, it seems to be confirmed 
258that the use of carbon-black is effective to create intra-particle porosity.

259Figure 3. Logarithmic pore diameter for BMC3-CX series and BMC3 as reference

260In conclusion, the use of carbon black during sol-gel synthesis of BMC3: i) 
261hinders the insertion of copper into the perovskite lattice, ii) allows reducing the 
262calcination temperature needed to achieve a perovskite-like structure and, iii) 
263diminishes the sintering effects at low calcination temperature, promoting an 
264enhanced macroporosity [25, 6,37].

2653.1.3. Surface composition: XPS
266Figure 4.a shows the XPS spectra of Cu 2p3/2 transition, where the experimental 

267data (black dots) have been included to feature the accuracy of the envelope profile 
268(continuous line), and consequently, of the deconvolutions. The spectra indicate that 
269copper is present as Cu (II) in all catalysts since a maximum over 933 eV and the 
270shake-up satellite peaks at 941 eV and 944 eV are detected [38,39]. Moreover, the 
271Wagner plot (Figure 4.b), which includes some references from the NIST X-Ray 
272Photoelectron Spectroscopy data base [40], proves that Cu(I) is not presents on the 
273catalysts surface. However, the deconvolution of Cu(II) signal points out two 
274different contributions corresponding to two degrees of interaction with the 
275perovskite [26]: i) the signal at the highest binding energy, 935 eV, assigned to a 
276copper with a strong interaction with the perovskite, and ii) the signal at the lowest 
277binding energy, 933.5 eV, corresponding to a copper with a weak interaction with 
278the perovskite [41,42].

279



280Figure 4. (a) XPS spectra of Cu 2p3/2 transition for BMC3-CX series and BMC3 as 
281reference. (b) Wagner Plot with reference data from NIST X-ray Photoelectron 
282Spectroscopy Database. Experimental data: BMC3 (pink dot), BMC3-C600 (green 
283dot), BMC3-C750 (blue dot) and BMC3-C850 (orange dot)

284Figure 5. XPS spectra of (a) O1s, and (b) Mn 2p3/2 transitions for BMC3-CX series 
285and BMC3 as reference

286Figure 5 shows the XPS spectra of oxygen (O1s transition) and manganese 
287(Mn2p3/2 transition). The profiles for Mn (due to the presence of the Mn (III) satellite 
288peak at 645 eV and the signal over 643 eV linked to Mn(IV) [9,43]) confirm that 
289Mn(III) and Mn(IV) coexist on the catalysts surface, as observed for BM-CX series 
290[25]. The Mn(IV)/Mn(III) ratio (included in Table 3) points out Mn(III) as the main 



291oxidation state in all catalysts, except in BMC3-C600 catalyst which presents both 
292oxidation states in a similar proportion.

293

294Table 3. XPS ratios and β-O2 evolved during O2-TPD experiments for BMC3-CX 
295series and BMC3 as reference

OLattice/
(Ba+Mn+Cu)

Mn(IV)/Mn(III) Cu/
(Ba+Mn+Cu)

β-O2 
(μmol/gcat)

Nominal 1.5 a - 0.15 a -

BMC3-C600 1.0 0.9 0.15 215

BMC3-C700 1.1 0.6 0.13 220

BMC3-C750 1.0 0.5 0.13 203

BMC3-C850 1.1 0.6 0.09 173

BMC3 1.3 0.6 0.12 205
296a calculated for BaMn0.7Cu0.3O3 composition

297The O1s spectra show three contributions corresponding to three oxygen species: 
298lattice oxygen (OLattice, at ca. 529 eV), surface groups (ca. 531 eV) and oxygen from 
299adsorbed water (ca. 533 eV) [44-47]. In general terms, the catalysts present an almost 
300similar distribution of oxygen species. 

301Using the area under the peaks corresponding to the different elements, the 
302Cu/(Ba+Mn+Cu) ratio is calculated for BMC3-CX series and the results are included 
303in Table 3. In general terms, the values are not far from the nominal one, 0.15 for 
304BaMn0.7Cu0.3O3 composition, being higher than the obtained for BMC3 reference, in 
305which copper is inserted into the lattice. However, the Cu/(Ba+Mn+Cu) ratio 
306diminishes as the calcination temperature increases, so, it seems that the use of high 
307calcination temperatures facilitates the copper diffusion through the lattice and, 
308consequently, the insertion into the perovskite structure forming the BaMnO3 
309polytype. In fact, for BMC3-C850, the Cu/Ba+Mn+Cu ratio is lower than the nominal 
310one, confirming that the copper insertion is easier as the calcination temperature 
311increases. The OLattice /Ba+Mn+Cu ratio has been also calculated and included in 
312Table.3. As the values are lower than the nominal one (1.5), the presence of surface 
313oxygen defects (as oxygen vacancies [47]) are detected. These vacancies must be 
314formed to compensate the positive charge defect due to the presence of Cu(II) and 
315Mn(III) on surface. All the BMC3-CX catalysts show a lower value than the 
316corresponding to BMC3·reference, so, larger amount of oxygen defects/vacancies are 
317formed. However, the OLattice/Ba+Mn+Cu ratio is not significantly affected by the 
318calcination temperature.

319



320Finally, note that the Cu/Ba+Mn+Cu ratio for BMC3-C600 (in which the BaMnO3 
321polytype phase is not detected) corresponds to the nominal value (0.15), suggesting 
322that copper should be homogeneously distributed and well-dispersed on the 
323surface. BMC3-C600 also presents the highest amount of Mn(IV) on surface, 
324probably formed by oxidation of Mn(III) to compensate the defect of positive charge 
325due to the presence of Cu(II), which additionally causes an increase in the amount 
326of oxygen vacancies on surface [48-50] respect to BMC3 reference. In summary, 
327BMC3-C600 presents the most homogeneously copper distribution and the highest 
328amount of Mn (IV) and surface oxygen vacancies.

3293.1.4. Reducibility: H2-TPR
330To study the reducibility of the catalysts, Temperature Programmed Reduction in 

331hydrogen experiments (H2-TPR) have been carried out and Figure 6 shows the 
332hydrogen consumption profiles. A synergetic effect between copper and manganese 
333is observed as both species are reduced at a temperature (about 250ºC) lower than 
334the respective references (CuO and BM). The boosted reducibility of BMC3-C600 
335could be related to the smaller particles formed since the low calcination 
336temperature used for its synthesis seems to minize the sintering effects. Therefore, 
337smaller crystal size is obtained for this sample, and the boundary grains increase, in 
338which the copper species are more reducible50–52.

339Figure 6. Hydrogen consumption profiles in TPR conditions for BMC3-CX series 
340and BM, BMC3 and CuO as references

341BMC3-C600 and BMC3-C700 show a shoulder around 200ºC that could 
342correspond to the reduction to Cu(I) of the CuO surface nanoparticles [54,55], which 
343are presumably present based on DRX and XPS data and supported by the absence 
344of BaMnO3 polytype phase for the former and by the lowest proportion of the 



345polytype phase for the later. These copper species seem to present a strong 
346interaction with the perovskite and, as consequence, a synergetic effect is expected, 
347so, manganese and copper reducibility will be simultaneously improved. 
348The experimental hydrogen consumption per gram of catalyst has been estimated 
349for the region between 150ºC and 500ºC of the H2 consumption profiles shown in 
350Figure 6. These values are plotted in Figure 7 regarding the nominal values 
351assuming the total reduction of manganese, which has been considered as pure 
352Mn(III) or Mn(IV) and copper as Cu(II). In Figure 7, if the experimental values are 
353close to the maximum values (red points), it means that Mn(IV) is the main 
354oxidation state, but if the values are close to the minimum ones (green points) it 
355points out that Mn(III) is the predominant oxidation state or that the reduction of 
356manganese and copper is not completed. All BMC3-CX catalysts show the 
357coexistence of Mn(III) and Mn(IV) oxidation states but the low value for BMC3-C700 
358could point out that Mn(III) is the main oxidation state or that this sample presents 
359the lowest reducibility. Therefore, except for the catalyst obtained at 700ºC, the 
360calcination temperature seems to not significantly affect the Mn(IV)/Mn(III) bulk 
361proportion, as it is also revealed by XPS data for the surface. 

362Figure 7. Hydrogen consumption between 150ºC-500ºC corresponding to copper 
363and manganese reduction

364Finally, note that the hydrogen consumption at temperatures higher than 500ºC 
365corresponds with several reduction processes: i) at 550ºC the consumption is related 
366with the presence of remaining carbon black, as it was previously observed for BM-
367CX series [25]; ii) at 750ºC the oxygen surface groups decompose; and iii) over 
368950ºC, the Mn(III) bulk to Mn(II) reduction occurs [34, 56,57].

369

370



3713.1.5. Oxygen desorption: O2-TPD
372Figure 8 shows the profiles of oxygen evolved from BMC3-CX catalysts series 

373and from BMC3 reference catalyst during Temperature Programmed Desorption 
374experiments, being the amount of oxygen emitted included in Table 3.
375

376Figure 8. O2-TPD profiles for BMC3-CX series and BMC3 as reference

377All catalysts mainly evolve oxygen at high temperatures (<700ºC), named β-O2, 
378which comes from the perovskite lattice, and it is related with the Mn(IV) to Mn(III) 
379reduction and with the presence of oxygen defects that facilitate the desorption. 
380Both characteristics boost the lattice oxygen mobility through the lattice, and, 
381consequently, the reduction ability [58-60]. The O2-TPD experiments reveal that, as 
382observed for BM-CX series [25], the use of carbon black during the synthesis and/or 
383the calcination temperature seems to not significantly affect the oxygen bulk 
384mobility of BMC3-CX catalysts.

3853.2. Activity tests
386The BMC3-CX catalysts series has been tested for two oxidation processes: i) NO 

387to NO2 oxidation and ii) NOx-assisted diesel soot oxidation. Firstly, the activity for 
388NO to NO2 oxidation has been determined and then, the most active catalysts have 
389been used for NOx-assisted diesel soot oxidation.

3903.2.1. NO to NO2 oxidation.
391NOX-TPR tests are useful to determine the catalytic activity for NOx 

392adsorption/desorption process (Figure 9) and NO to NO2 oxidation (Figure 10). In 
393Figure 9, the NOx conversion profiles reveal that the BMC3-CX catalysts calcined at 
394low temperatures (between 600ºC and 750ºC) show some adsorption/desorption 



395capacity, which is low if it is compared with the corresponding to active catalysts for 
396NOx storage, as Ba1-yAyTi1-xCuxO3 [63,64], BaFeO3 [65] or La1-yAyCoO3 [66]. Although 
397the NOx adsorption capacity is low, it must be considered that, for the BMC3-C600, 
398BMC3-C700 and BMC3-C750 samples, the NO2 generation profiles (Figure 10) do 
399not show the total amount of the generated NO2, it only shows the not adsorbed 
400one. Therefore, these three samples should present a higher NO oxidation activity 
401than BMC3 reference since they seem to adsorb more NOx than BMC3. As observed 
402for BM-CX catalysts series [25], this performance seems to be associated to the 
403presence of barium carbonate (detected by XRD), which is an active species for NOx 
404adsorption [29, 65, 67-70], when the calcination temperature is under 750ºC. This 
405fact is consistent with the crystal phases identified for BMC3-CX, since BMC3-C600 
406(obtained at the lowest calcination temperature), shows the highest proportion of 
407barium carbonate and presents the highest NOx adsorption-desorption capacity; 
408while BMC3-C950 (calcined at the highest temperature) does not show a significant 
409NOx adsorption-desorption capacity. In fact, in a second consecutive NOx-TPR cycle 
410(not shown), the catalysts have lost their NOx adsorption-desorption capacity 
411because the barium carbonate was decomposed during the first TPR test.

412Figure 9. NOx conversion in NOx-TPR conditions for BMC3-CX series and BMC3 as 
413references



414Figure 10. NO2 emission profiles in NOx-TPR conditions for BMC3-CX series and 
415BMC3 and 1%Pt/Al2O3 as references

416In Figure 10, it is observed that all BMC3-CX catalysts are active for NO to NO2 
417oxidation under 450ºC, being the calcination temperature relevant because, while 
418BMC3-C600, BMC3-C700 and BMC3-C750 samples show a similar performance than 
419BMC3 reference, the catalysts calcined at the two highest temperatures (BMC3-C850 
420and BMC3-C950), present a lower activity. This trend could be related to sintering 
421effects that decrease the active sites for oxidation reactions. This effect is also 
422observed for other perovskite-based catalysts [25, 53, 61,62], if the calcination 
423temperature required to obtain the perovskite phase is exceeded.

4243.2.2. NOx-assisted diesel soot oxidation
425As the catalysts obtained at calcination temperatures lower than 850ºC show an 

426acceptable NO oxidation performance, the NOx-assisted soot oxidation activity has 
427been determined for BMC3-C600, BMC3-C700 and BMC3-C750.

428Figure 11 gathers the soot conversion profiles for the catalysts obtained during 
429NOx-TPR experiments in presence of model soot (PRINTEX-U), including the 
430profiles for BMC3 and 1% Pt/Al2O3 as references. The three BMC3-CX samples 
431catalyze the process, since the soot oxidation takes place at lower temperatures than 
432in the absence of catalyst (denoted as blank). Note that BMC3-C600 presents the 
433highest increase in the catalytic activity regarding BMC3 reference, which is close to 
434the observed for platinum-based catalyst, and, that the activity decreases as the 
435calcination temperature increases, being the catalytic activity of BMC3-C750 very 
436similar to the observed for BMC3. Identical effect of calcination temperature on 
437catalytic activity was observed by Y. Gao et al for BaMnO3 perovskite [52].The 



438characterization results reveal that the presence of copper during the synthesis 
439minimizes the growth of crystallite (see Table 2) and that, at low calcination 
440temperatures, the insertion of copper into the perovskite structure is hindered and, 
441consequently, the formation of the BaMnO3 polytype phase. Considering the copper 
442distribution, the soot oxidation profiles in NOx-TPR conditions suggest that the 
443catalytic activity is increased if copper is not inserted into the perovskite-like lattice. 
444In this sense, F.E. López-Suárez et al, found that the role of copper species depends 
445on their location into the SrTiO3 and MgTiO3 perovskite-like mixed oxides [42]: the 
446CuO on surface is an active site for reduction and oxidation processes, but the lattice 
447copper is not directly involved as an active site. Thus, in BMC3-CX series the soot 
448oxidation profiles suggest that BMC3-C600 and BMC3-700 should present CuO on 
449surface that allows the increase in the catalytic activity.

450Figure 11. Soot conversion profiles, in NOX-TPR conditions for BMC3-CX series and 
451BMC3 and 1%Pt/Al2O3 as references

452Figure 12 shows the NO2 emission profiles during soot oxidation in NOx-TPR 
453conditions. The difference between the NO2 emission profiles in the absence and 
454presence of soot (Figure 9 and Figure 12, respectively) probes that a fraction of NO2 
455is being used in the soot oxidation process. Moreover, as it has been observed for 
456BM-CX catalysts [25], BMC3-CX catalysts are active in the temperature range of 
457interest for practical applications [71], also showing a high CO2 selectivity (above 
45895%) during the NOx-TPR soot oxidation, as manganites are highly active for CO to 
459CO2 oxidation [52, 59, 72, 73].
460



461Figure 12. NO2 emission profiles during soot oxidation in NOx-TPR conditions for 
462BMC3-CX series and BMC3 and 1%Pt/Al2O3 as references

463Figure 13. T50% values for BMC3-CX series and BMC3 and 1%Pt/Al2O3 as 
464references during consecutive NOx-TPR cycles

465In order to study the stability of the catalysts, cyclic NOx-TPR experiments in the 
466presence of soot have been carried out. The selected parameter for comparative 
467purposes is the T50% values (the temperature to achieve 50% conversion), that have 
468been compared in Figure 13. 

469BMC3-C600 presents the lowest T50% value for the first cycle, but a significant 
470increase is observed for the second cycle as consequence of the barium carbonate 
471decomposition during the first cycle. However, the T50% value remains stable after 
472the second cycle, pointing out a better stability than the observed for BMC3-C700 



473and BMC3-C750 catalysts. Comparing with BMC3 reference, BMC3-C600 shows a 
474similar performance, but it is more active because T50% values are lower. Respect to 
475the platinum-based reference catalyst (1% Pt/Al2O3), BMC3-C600 is slightly more 
476active after three consecutive cycles because the continuous deactivation suffered by 
477platinum catalyst, probably, due to sintering and or/oxidation effects [25,74].

478The results reveal that BMC3-C600 shows the best catalytic performance 
479regarding BMC3 reference because it presents the lowest T50% value and the 
480highest stability during three consecutive NOx-TPR cycles. The physical and 
481chemical properties shown by this catalyst (a high proportion of surface copper and 
482surface oxygen vacancies, high Mn(IV)/Mn(III) ratio and high reducibility) seem to 
483justify the observed catalytic performance. In fact, several studies consider these 
484properties as key factors for NOx-assisted soot oxidation [50, 75-78]. In addition, a 
485high CO2 selectivity is shown during the NOx-TPR cycles.

486In order to study the catalytic performance for soot combustion at temperatures 
487in the range of interest for a diesel particulate filter, two consecutive isothermal 
488experiments at 450ºC have been carried out. Figure 15 shows the soot conversion 
489profiles corresponding to two isothermal reaction cycles for BMC3-C600 catalyst 
490and, for comparative purpose, for the first cycle of BMC3 and the platinum-based 
491catalyst used as references. In Table 4, the initial soot oxidation rates (calculated 
492from the slope of soot conversion profiles during the first 20 minutes of the 
493experiment) and the CO2 selectivity values are included. 

494

495Figure 14. Soot conversion profiles at 450ºC for BMC3-C600 and BMC3 and 
4961%Pt/Al2O3 as references



497The soot conversion profiles in isothermal conditions for first cycle features that, 
498during the first 20 minutes, BMC3-C600 and the platinum-based catalyst show a 
499similar catalytic performance, therefore, both catalysts show similar initial soot 
500oxidation rates (see Table 4). Moreover, during the second cycle, BMC3-C600 
501catalyst keeps the catalytic activity, so, it seems that the reaction conditions allow 
502the regeneration of the catalyst [73, 79]. Finally, at 450ºC, the CO2 selectivity is over 
50390%, and it remains during the second soot oxidation cycle.

504Table 4. Initial soot oxidation rates at 450ºC and CO2 selectivity for BMC3-C600 series, and 
505BMC3 and 1%Pt/Al2O3 as references. The data for the second consecutive cycle is included in 
506brackets

Initial soot oxidation 
rate

(10-2 mmol/min)

CO2 selectivity 
(%)

BMC3-C600 3.3 (3.4) 89 (90)

BMC3 2.2 97
1%Pt/Al2O3 2.7 100

507

508As a final remark, the performance of the best catalysts of the BM-CX series (BM-
509C700) [25] and the BMC3-CX series (BMC3-C600) has been compared in order to 
510understand the role of copper. Both catalysts show similar T50% value (490ºC) and 
511initial soot oxidation rate after two successive isothermal reaction cycles at 450ºC 
512(3.3 10-2 mmol/min). So, it seems that copper is not able to further improve the 
513catalytic behaviour shown by BM-C700, obtained using carbon black during sol-gel 
514synthesis. In fact, the unique advantage of using copper in the modified sol-gel 
515synthesis is an additional decrease of 100ºC in the calcination temperature used for 
516the synthesis of the best catalyst, which is 700ºC for BM-CX and 600ºC for BMC3-
517CX.

5183.3. Characterization of used catalysts
519The catalysts used in the activity tests (NOx-TPR and isothermal soot oxidation) 

520have been characterized by XRD and XPS in order to check if the samples are 
521modified during reactions.

522Figures 15 and 16 compare the X-Ray patterns of fresh catalysts and of catalysts 
523used in three successive NOx-TPR cycles. Used BMC3-C600 shows a lower amount 
524of barium carbonate because NOx-TPR conditions allow its removal. Also, it seems 
525that the NOx-TPR conditions promote the formation of the BaMnO3 polytype phase 
526and, after three cycles, a mixture of BaMnO3 hexagonal perovskite and the BaMnO3 
527polytype phases are detected. BMC3-C700 shows similar changes that BMC3-600, 
528barium carbonate is removed and BaMnO3 polytype phase is enhanced in detriment 



529of the hexagonal perovskite phase. However, no crystallinity changes are detected 
530in used BMC3-C750. In conclusion, NOx-TPR conditions promote some structural 
531modifications for the catalysts calcined at temperatures below 750ºC, removing 
532barium carbonate and promoting the BaMnO3 polytype formation in detriment of 

533the perovskite hexagonal phase. 
534Figure 15. X-Ray patterns for fresh and used BMC3-C700 and BMC3-C750 catalysts, 
535after three NOx-TPR consecutive cycles

536Figure 16. X-Ray patterns for fresh and used BMC3-C600 catalyst after three NOx-
537TPR consecutive cycles and after two isothermal soot oxidation cycles at 450ºC

538On the other hand, Figure 16 shows the XRD patterns of BMC3-C600 catalysts 
539after two isothermal soot oxidation cycles at 450ºC, compared to the XRD patterns of 
540the fresh sample. Note that after reaction at 450ºC, BMC3-C600 presents almost the 
541same crystalline phases than the fresh catalyst. This finding confirms that the 
542formation of BaMnO3 polytype requires high temperatures.

543The XPS data for used samples reveal some changes in surface composition. 
544Table 5 features the Cu/Ba+Mn+Cu, OLattice/Ba+Mn+Cu and Mn(IV)/Mn(III) XPS 



545ratios for used and fresh catalysts. After NOx-TPR experiments, BMC3-C600 shows 
546a higher Cu/Ba+Mn+Cu ratio, i.e., the presence of copper increases on surface and a 
547larger amount of surface oxygen vacancies, since the OLattice/Ba+Mn+Cu ratio 
548decreases. The increase in the surface copper and in the number of oxygen vacancies 
549seem to justify the higher activity and stability of BMC3-C600 after three 
550consecutive NOx-TPR cycles. Therefore, XPS data points out the amount of surface 
551copper and oxygen vacancies as key factors for the soot oxidation process. 

552Table 5. XPS ratios for fresh and BMC3-CX catalysts used in successive NOx-TPR and 
553isothermal cycles (data in brackets)

Cu/(Mn+Ba+Cu) OLattice/(Mn+Ba+Cu) Mn(IV)/Mn(III)

Used Fresh Used Fresh Used Fresh

BMC3-C600 0.19
(0.13) 0.15 0.5

(0.8) 1.0 0.8
(0.8) 0.9

BMC3-C700 0.09 0.13 0.6 1.1 0.6 0.6

BMC3-C750 0.13 0.13 0.6 1.0 0.6 0.5

554

555On the contrary, after two cycles of soot oxidation at 450ºC (data in brackets), the 
556surface chemical composition does not significantly differ from the corresponding to 
557fresh BMC3-C600. Therefore, it seems that BMC3-C600 is stable during successive 
558isothermal experiments at 450ºC as the used conditions do not modify the surface 
559chemical properties during the experiment. 

560For used BMC3-C700 an increase in the amount of surface oxygen vacancies is 
561also detected, but the Cu/Ba+Mn+Cu ratio indicates a decrease in the amount of 
562surface copper respect to fresh sample, therefore the used BMC3-C700 is less active 
563than the fresh one. A similar effect is observed for BMC3-C750 used catalyst, which 
564presents a higher amount of oxygen vacancies, but the surface copper ratio is not 
565modified. 

566Finally, no significant changes in Mn(IV)/Mn(III) surface ratio are detected for 
567any of used catalysts, so , the Mn(IV)/Mn(III) redox pair is not modified during 
568activity tests.

569In conclusion, the characterization results for used catalysts indicate that a 
570combination of a high amount of surface copper and oxygen vacancies seems to be 
571needed to achieve an active and stable catalyst for NOx-assisted soot oxidation. 
572BMC3-C600 presents the best performance as it features a high amount of surface 
573copper and oxygen vacancies that increase during reaction. However, as the amount 



574of surface copper does not increase for the samples calcined at temperatures higher 
575than 600ºC, the catalysts become less active and stable.

5764. Conclusions

577BaMn0.7Cu0.3O3 catalysts series (BMC3-CX) have been synthesized by a modified
578sol-gel method. The characterization and activity results suggest the following 
579statements:

580The use of a carbon black during sol-gel synthesis of BMC3 mixed oxide allows 
581to diminish the calcination temperature to achieve the perovskite structure, but it 
582hinders the formation of BaMnO3 polytype, which is the unique crystal phase 
583identified for BMC3 reference obtained by the conventional sol-gel synthesis, i.e., in 
584the absence of carbon black. 

585Low calcination temperatures reduce the sintering effects, obtaining mixed 
586oxides with lower particle size, slightly higher BET surface areas and macropores 
587with lower diameter than BMC3. 

588The distribution of copper in BMC3-CX catalysts depends on the calcination 
589temperature, as it is deduced by H2-TPR and XPS data. Copper insertion into the 
590perovskite structure is promoted as the calcination temperature increases and, 
591consequently, the BaMnO3 polytype structure is formed, being the main crystal 
592phase at calcination temperatures above 850ºC.

593All BMC3-CX catalysts are active for NO to NO2 and NOx-assisted soot oxidation 
594processes, but only BMC3-C600 and BMC3-C700 show higher catalytic activity than 
595BMC3 reference.

596BMC3-C600 shows the most stable performance during cyclic NOx-TPR 
597experiments, being even better than the featured by BMC3. The characterization of 
598used catalysts points out that the easier diffusion of copper to the surface, and the 
599increase in the amount of oxygen surface vacancies, which are active sites for the 
600oxidation process under study, seem to justify the improved catalytic performance. 

601The characterization of used BMC3-C600 reveals that it shows a stable 
602performance during successive isothermal soot oxidation at 450ºC because the 
603chemical properties of the catalyst are not significantly modified during reaction. 

604The comparison of the catalytic performance of BMC3-C600 with the best catalyst 
605of BM-CX series (BM-C700) reveals that the unique advantage of using copper in the 
606modified sol-gel synthesis is an additional decrease of 100ºC in the calcination 
607temperature required for the synthesis of the best catalyst, which is 700ºC for BM-
608CX and 600ºC for BMC3-CX. 

609
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614Apendix A
615The weight percentage and CO2 emission profiles for BMC3-CX series, plotted in Figure A.1, 
616reveal that the calcination temperatures used allow the efficient removal of almost all the 
617carbon black. In fact, the percentage of remaining carbon black, calculated based on the CO2 
618evolved during TGA experiments (Figure A1.b) and included in Table A.1, is lower as 
619calcination temperature increases, ranging from 6% in BMC3-C600 up to 1%.

620Figure A.1. (a) TGA profiles and (b) 44 m/z MS signal for BMC3-CX series and 
621BMC3 as reference.

622Table A 1. Total weight loss calculated by TG and MS data for BMC3-CX series and 
623BMC3 as reference.

Weight loss 
(TG) (%)

Weight loss 
(MS, CO2, m/z= 44 

(%)

BMC3-C600 7 6

BMC3-C700 6 4

BMC3-C750 3 2

BMC3-C850 2 1

BMC3 2 0
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