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LCFC A, B, C, D and E: experimental conditions during collection

Being an industrial machinery the detailed knowledge of the synthesis parameters
(Temperature, Pressure) is not possible but the main differences among the batches are
summarized as follows. LCFC A is collected after saturation of filters, following an initial tuning
of the process, in terms of temperature and pressure at the nozzle. LCFC B is collected on the
filters after a following stable operation step, at the same conditions as case A; the
temperature on the filters (where particles are collected) and ducts may rise, but it is always
below 200°C; even if the residence time of the material is longer, we do not expect this
temperature to affect the material composition or structure. After phase B, phase C
attempted to stabilize the operating conditions in the flame to approach case A, with stable
operation. The sample LCFC D is the last material extracted from the equipment and LCFCE is
a duplicate sample of LCFC A. Each material (A, B, C, D, and E) is sampled in the same way: the
nanopowders are retained as aggregates on the filters tissue and periodically discharged (by
shaking the bag filters with compressed air) into a container, that is emptied before each
phase, to limit cross-contamination. The collection of materials D and E, at the final stage,
requires mechanical abrasion of the filters, because of a more compact deposition on the
tissue.

LCFCA, B, C, D and E: H,-TPR results

mol H,
T max (°C) Assignment Fe(IV)/((Fe(IV)+Fe(lll))
consumed/expected

LCFCFSP A 0.27
Low T peak 290 0.68 Cu(ll) - Cu (0)

Broad signal 450-650 0.04 Fe(IV)-Fe(Il); Fe(ll1)-Fe(ll)

LCFCFSP B 0.55
Low T peak 234 0.83 Cu(ll) - Cu (0)

Broad signal 450-650 0.09 Fe(IV)-Fe(Ill); Fe(ll1)-Fe(Il)

LCFCFSP C 0.13
Low T peak 252 0.89 Cu(ll) - Cu (0)

Broad signal 450-650 0.03 Fe(IV)-Fe(Ill); Fe(l1)-Fe(ll)

LCFC FSP D 0.54
Low T peak 253 0.78 Cu(ll) - Cu (0)

Broad signal 450-650 0.05 Fe(IV)-Fe(lll); Fe(ll1)-Fe(ll)

LCFCFSP E 0.47
Low T peak 272 0.65 Cu(l1)-Cu(0)

Broad signal 450-650 0.02 Fe(IV)-Fe(Ill); Fe(ll1)-Fe(Il)

Table S1. H,-TPR results. The third column (mol H, consumed/expected) refers to the experimental and
theoretical amount of H, to be consumed during the TPR, in correlation to the stoichiometric composition of the

samples.
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Figure S1. XP spectra of the samples LFC FSP and LCFC COP. a) O1s, b) La3d. XP spectra of the samples LCFC A,
B, C, D and E. c) O1s, d) La3d, e)Fe2p
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Figure S2. SEM images for LFC sample (a), LCFC FSP (b), LCFC COP (c).
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Figure S4: Activity of LFC FSP, LCFC FSP, LCFC COP. Rich TWC mixture.
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LCFC A, B, C, D and E: Characterization

Five Lag gCagFepsCup .03 samples (LCFC A, B, C, D and E respectively) have been collected at
different flame and plant operating conditions in the continuous FSP process. These samples
show significant differences in morphology, composition and structural features. LCFC A
diffraction pattern (Figure S5), unlike B, C and D, shows a lower degree of crystallinity,
suggesting incomplete formation of the perovskite phase. In LCFC B, C, and E, the most
relevant diffraction peak shifts from 32.25° to higher values (32.3°-32.5°) suggesting the
change in the unit cell size due to the different radius of the cations! and confirms the
incorporation of A-site dopants into the perovskite unit cell. Sample, D, in contrast, shows a
decrease in the 28 value of the peak at 32° consistent with an inefficient insertion of Ca.

XP spectra obtained for the different samples are compared in Figure S1 while atomic
compositions (XPS and EDX) are summarized in Table S2. The O1s XPS signal has two
components perovskite lattice (528.7 eV) and surface oxygen species, e.g. OH(530.8 eV).A
difference is observed only in LCFC A in which a component centered at 529.0 eV is relevant;
the peak position corresponds to oxygen in La,05 and Fe,03. 2 The peak shape indicates a high
degree of hydroxylation of the surfaces.

O1s peak confirms that the first stage of the synthesis does not allow the complete formation
of the perovskite structure, but instead an additional mixture of La and Fe oxides (contribution
at about 529.5-530 eV), likely giving a contribution to the amorphous feature of the XR
diffractograms of the initial samples.

The change of the O1s peak shape is evident as we move from sample A to E: in sample D
lattice and hydroxyl oxygen are in comparable amounts. The La3d XP spectra are quite similar
for all samples, and agree (peak position 832.8-833.2 eV and shake-up contribution at 835.9-
837.5 eV) with lanthanum (lll) in perovskites. The broadened shape of La3ds/, peak in sample
A suggests the presence of another contribution, assigned to La(OH);/LaOOH species (834.5
eV) [see reference in the manuscript]. This last contribution is less evident in the samples B,
C, and D.

The Fe2p XP spectra are significant, as they show a progressive shift towards higher BE going
from sample A to E. Fe2p;/, peak centered at 709.4 eV in sample LCFC A, is typical of Fe(ll). For
sample D the peak position tends to reach the value of 710.2-710.5 eV, typical of Fe2ps/, in
the Fe(lll) form 3. A further confirmation comes from the deconvolution of the spectra in the
region of Fe2p (carried out setting the typical values for Fe(ll) and Fe(lll) reported in ref. 4): the
Fe(Il)/Fe(lll) atomic ratio being 1.8 in sample A and ca. zero in the other ones.

Different oxidation states for iron are also confirmed by TPR analysis, as reported below.
Fe(IV), suggested by TPR, cannot be confirmed by XPS.>

Quantitative analysis (Table S1) shows that oxygen is always over stoichiometric confirming
the presence of surface oxygen species. Iron is also relevant in surface even if it is slightly more
abundant under the few external monolayers of samples A and C. Ca is near the nominal value
only with EDX whereas Cu is more abundant in surface but always under-stoichiometric.

Cu2p XP spectra do not show any change in the oxidation state of copper, Cu(ll). Ca2p XP
spectra do not give any further insight about the surface structure and composition of the
samples, this being quite similar for all samples and corresponding to the expected Ca(ll).

Furthermore, EDX/XPS cation-only compositional analysis point out a trend of marked
segregation of La on the surface, probably as oxide, whereas Fe surface segregates only in
LCFC D. The B/A cations atomic ratio is near the expected value (being slightly higher only in
the surface of sample B and D).
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The bulk reducibility of the solids was investigated by H,-Temperature Programmed
Reduction experiments (H,-TPR). TPR profile of the different LCFC (Figure 2 in the manuscript,
Table S1) samples, A-E, shows the presence of two, in some cases three, signals at 224-286°C,
465°C and 582°C. The peak at lower temperature is ascribed to the reduction from Cu(ll) to
Cu(0) as reported in literature.* This assighment is in good agreement with the calculated
hydrogen consumption (Table S1). The Cu(ll) reduction temperature shifts throughout the
different samples; the highest temperature is observed for sample A, which contains, beside
the desired perovskite, a mixture of metal oxides (as shown by XPS and EDX). We can
rationalize the different reduction temperature as the synthetic process conditions give rise
to catalysts characterized by slightly different size and degree of crystallinity. In analogous
samples obtained by FSP, Rossetti et al. ® reported that highly reducible B3* is evident for
samples prepared with lower pressure drop across the nozzle, suggesting that a slightly higher
crystal order induces higher reducibility. Furthermore, a better ordering leads to more
energetically uniform redox species. This can be compared with Isupova et al. 7 who found
that the tuning of B-O interaction strength correlates with the concentration of phase
boundaries, and a higher reducibility is expected with increasing the concentration of phase
boundaries. So, beside the inclusion of dopants, the reducibility of the sample depends also
on the FSP synthetic conditions which may alter the morphological and crystalline character
of the obtained materials.

The peak at higher temperature behaves differently: in some cases, two different
contributions are clearly recognizable (e.g. LCFC A), in other cases they are merged into one
single broad peak. The higher temperature region is attributed to iron species, in particular
the reduction from Fe(IV) to Fe (l11) (465 °C) and Fe(lll) to Fe(ll) (582 °C) &°.

The results of the deconvolution are summarized by the ratio of the integrated areas of the
corresponding peaks in Table S1.

Samples B and D have a similar ratio Fe(lV)/Fe(lll), compared to samples A, C and E which show
almost no reduction of Fe(lV). Note that samples A and C were collected at similar operating
conditions in the FSP set up.

SEM images (Figure S6) point out the homogeneity of the samples and underline the
formation of highly dispersed particles and, progressively with the production process
advancement, also of globular particles (diameter of about 100 nm), most likely combustion
residues (carbon). For instance, sample A does not show any combustion residue, whereas
the other samples progressively have more carbon particles on their surface.

The specific surface areas obtained for this samples are reported in Table 1 (in the
manuscript): no significant differences are observed for the specific surface area of the
catalysts obtained at different stages of the FSP process that range from 57 to 61 m?/g
testifying to the morphological homogeneity of the catalysts. In fact, focusing on FSP, the main
influence seems to derive from the doping (LFC FSP specific surface area is about 32 m2/g).
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Figure S5. XRD pattern for LCFC A, B, C, D and E. Inset: the most intense peak.

Figure S6. SEM images for LCFC A sample (a), LCFC B (b), LCFC CC (c), LCFC D (d).
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Sample  Type La Ca Fe Cu O La* Ca* Fe* Cu* Ca/Lla Cu/Fe (Fe+Cu)/ o/ O lattice/O
(La+Ca)  (La+Ca+Fe+Cu) surface

LCFCA | XPS 144 26 157 22 650 412 75 49 6.4 0.18 0.14 1.05 1.86 5.5

LCFCB | XPS 143 25 185 35 61.1 368 6.5 474 89 0.18 0.19 1.30 1.57 1.0

LCFC XPS 150 3.8 172 3.6 604 379 9.6 435 9.0 0.25 0.21 1.11 1.53 2.1

C

LCFC XPS 139 30 192 37 603 350 75 484 9.2 0.21 0.19 1.36 1.52 1.3

D

LCFCE | XPS 158 23 17.0 09 639 439 64 472 25 0.15 0.05 0.99 1.77 1.9

LCFC XPS 163 22 200 32 583 390 53 48.0 7.6 0.14 0.16 1.25 1.40 3.6

COP

LFC XPS 13.9 17.1 3.6 654 40.1 49.5 104 0.21 1.49 1.89 0.2

FSP

LCFC Nominal 125 42 166 42 625 330 11.0 440 11.0 0.33 0.3 1.22 1.67

LFC Nominal  14.9 170 43 63.8 35.0 40.0 25.0 0.6 1.86 1.76

Sample  Type La Ca Fe Cu O La* Ca* Fe* Cu* Ca/Lla Cu/Fe (Fe+Cu)/ o/ O lattice/O
(La+Ca)  (La+Ca+Fe+Cy)  Surface

LCFCA | EDX 80 22 99 1.2 788 378 102 46.6 5.8 0.27 0.12 1.09 3.72

LCFCB | EDX 83 27 113 1.7 761 347 112 47.1 69 0.32 0.15 1.18 3.18

LCFC EDX 11.0 32 144 19 696 36.1 104 474 6.1 0.29 0.13 1.15 2.29

C

LCFC EDX 98 29 126 15 733 365 11.0 471 54 0.30 0.12 1.11 2.75

D

LCFCE | EDX 107 29 129 16 719 380 104 459 356 0.27 0.12 1.06 2.56

LCFC EDX 129 14 129 3.6 692 419 45 419 117 0.11 0.28 1.16 2.25

COP

LFC EDX 12.1 146 1.8 715 424 512 6.4 0.13 1.36 2.51

FSP

LCFC Nominal 125 42 166 42 625 330 11.0 440 11.0 0.33 0.3 1.22 1.67

LFC Nominal 14.9 170 43 638 35.0 40.0 25.0 0.6 1.86 1.76

Table S2. Compositions. XPS and EDX compositions (atomic concentrations) obtained for the doped and un-
doped LFC obtained by Flame Spray Pyrolysis (FSP) and by Co-precipitation (COP). The compositions obtained
without considering oxygen (*) are reported in order to emphasize the cation surface segregation phenomena.
The last column refers to the ratio between the integrated peak area contribution at 529 eV and the integrated

peak area contribution at 532 eV.
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ICP analytic results

Generally the experimental composition approaches more the nominal one for the samples
obtained by COP method. In the first Table (Table S3) the samples collected at different phases
of the FSP process are progressively converging to the nominal throughout the process,

however La never reaches the nominal composition.

In the second Table LFC FSP shows that the copper content is roughly half of the nominal
expected, meaning that copper is not perfectly included in the structure. Unlike Cu, La and Fe
are in agreement with the expected results. Comparing LCFC obtained by COP with the
analogous samples by FSP, COP sample includes Cu better than FSP, whereas Ca has been

included in a lower amount that expected.

Table S3. ICP composition of the samples compared to the nominal composition (only metal).

S12

ICP results (%)
Nominal LCFCA LCFCB LCFCC LCFCD LCFCE LCFC CcoP
La 54.26 61.95 58.63 59.99 62.07 61.75 60.62
Ca 8.34 4.08 4.75 5.99 4.48 4.22 2.17
Cu 8.29 3.99 5.88 3.77 3.66 4.06 7.99
Fe 29.12 29.98 30.74 30.25 29.78 29.97 29.22
ICP results (%)
Nominal LFC FSP

La 62.93 64.25

Cu 8.22 4.59

Fe 28.85 31.16




Catalytic activity

conversion

Temperature | Temperature | Temperature | Temperature | Temperature | Temperature
of half | of half | of half | of half | of half | of half
conversion conversion conversion conversion conversion conversion
°C) (°C)LCFCA | (°C)LCFCC | (°C)LCFCE | (°C) LCFC | (°C)LFCFSP
commercial COP
sample
CO 217 235 305 240 242 211
conversion
C;Hg 262 378 410 398 366 331
conversion
NO 455 326 352 329 289 327

Table S4. Comparison with a commercial catalyst (Data taken from 8), stoichiometric complex mixture.

Each of the five FSP samples obtained under different production conditions, have been
tested in CO assisted NO reduction (Figure 8). Samples A, C, and E have also been tested with
complex mixtures (Figures S8 and S9) for stoichiometric and rich mixture, respectively), given
their remarkable differences in properties as revealed by the structural and compositional

analysis.
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