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Highlights

e Assite substituted perovskites used for catalytic oxidation of formaldehyde.

® The catalytic mechanism was investigated and a pathway is proposed.

e LKMO and LNMO perovskites present TOFs in the range of noble metal-based

catalysts.

Abstract:

A-site substituted perovskites were prepared and evaluated for formaldehyde oxidation.
Based on the Tso, the catalytic activity ranking was: LaogKo2MnOsz>
LaosNao2MnO3 (LNMO) > LaosSro2MnOs > LaMnOs. This improved activity is
associated to (i) higher density of surface adsorption sites and (ii) higher bulk oxygen
mobility. Stability tests, under humid and dry conditions, were also conducted. In dry
conditions, a gradual deactivation of the substituted perovskites (from 50% to 15%

HCHO conversion after 64 h, LNMO) was correlated to the loss of surface-active
2



oxygen species and high-valence Mn**. Besides, the presence of abundant adsorbed
oxidation intermediates likely inhibited the reactivation of the catalyst surface. This
inhibition was limited when humidity was added in the stream of gas, thus lowering the
catalysts’ deactivation, demonstrating the importance of—~OH surface groups on the
catalyst surface in the oxidation mechanism. Consequently, this work highlights the

design of perovskite-based catalysts with superior oxidation properties.

Keywords: Formaldehyde oxidation; Perovskite; A-site substitution; Deactivation;

Oxidation mechanism.



1. Introduction

Air pollution represents an ever-growing threat for public health and is targeted as
a high priority by the World Health Organization. In particular, indoor air pollution is
categorized as one of the five most harmful environmental factors for human health [1].
While particule pollution represents the main risk factor, volatile organic compounds
(VOCs) are also of high concern. Formaldehyde (HCHO), classified as carcinogenic to
humans (group 1), is among the most significant VOCs, due to its wide use in resins
and insulation, but also in plastics, coatings, and textiles as a disinfectant and
preservative [2]. Moreover, its gradual release from furniture can take many years, with
indoor concentrations in the ppb to ppm level. Global exposure to formaldehyde was
increased by 21.5% between 2007 and 2017, representing an estimated 1000 premature
deaths annually [1].

Low temperature catalytic oxidation is considered as an attractive technology for
indoor air purification owing to a durable abatement efficiency, low energy needs, and
simple installation. It avoids regular adsorbents regeneration, and additional operating
and equipment costs of plasma- and photocatalytic-based oxidation technologies.
Currently, the catalytic materials used for HCHO oxidation are based on supported
noble metals (Pd, Pt, Rh, Ag and Au) [3], as they usually exhibit higher catalytic activity
than transition metal oxides. Nevertheless, the reduction of noble metals use is of
strategic importance due to their limited availability. Therefore, the development of
catalysts based on transition metal oxides remains highly attractive [4].

Ideal perovskite structure is described as cubic or nearly-cubic with a general
chemical formula ABX3, where A and B are cations — such as transition metals —and X
is usually oxygen. Perovskites are recognized for their high thermal stability, their

exceptional composition versatility, and their tailored redox properties, favorable for a



broad range of catalytic applications up to the industrial scale [5]. More specifically in
the domain of air purification, perovskite oxides built from B-site cations with a
reducible transition metal (i.e. Co, Mn) are widely used for the catalytic oxidation of
hydrocarbons [6], CH4 [7], stearic acid [8], and NO [9]. Moreover, partial substitution
of A-site cations with lower valence elements was suggested to introduce oxygen
vacancies, facilitating oxygen transfer and thus increasing oxygen mobility [7,10].

Alkali ions have gained a lot of attention in the past few decades due to their
promoting effect on many important heterogeneous catalytic reactions. For example,
the addition of an alkali ion (Na* or K*) is beneficial to the synthesis of ammonia [11],
olefin production [12], and conversion of CO: to gasoline-range (Cs-C11) hydrocarbons
[13]. Furthermore, catalysts based on noble metals and doped with alkali ions have
shown higher performances for the oxidation of several VOCs, including HCHO [14-
17]. Notably, impregnation of Na* on Pt/TiO> catalyst surface decreases significantly
the activation energy for HCHO oxidation through the stabilization of highly dispersed
PtO(OH)x-Na* species [14] Immersion of Pt/TiO catalysts into a NaOH solution also
led to improved activity for HCHO oxidation [17]. This improvement was correlated to
the presence of additional surface OH™ species, leading to improved HCHO adsorption
capacity. Similar observations were reported in the case of Na*-modified Pd/TiO;
catalyst [15] and K*™-modified Ag/Cos04 catalyst [16]. While alkali ions effectively
promote HCHO oxidation when using noble metal-based catalysts, only a few studies
reported noble metal-free catalysts doped with alkali ions for the oxidation of HCHO
[18-20].

Perovskite materials with partial substitution of their A-site element with alkali
and alkaline earth cations have been already applied to environmental catalytic

reactions [21-23]. However, no such substituted perovskite has been evaluated for



formaldehyde oxidation. In this work, a series of A-site partially substituted perovskites
LaosA’02MnO3 (A = Na, K, Sr) were prepared and compared to the reference LaMnO3
perovskite. Emphasis was given to the understanding of the influence of lower valence
elements on the surface and bulk properties of the perovskite-based materials.
Therefore, all materials were thoroughly characterized by XRD, N2 physisorption, ICP,
XPS, FTIR, HR-STEM, H>-TPR, O.-TPD, and EPR, and comparatively investigated
for the catalytic oxidation of HCHO at mild temperature. The long-term stability of the
most active catalysts, LaogKag2MnOs.15 and LaosNao2MnOs.15, was further evaluated
in the presence or absence of humidity.
2. Experimental
2.1. Materials preparation

All samples were prepared starting from metal nitrate precursors: La(NO3)3-6H20

(2 99.0 %) from Sigma-Aldrich, Mn(NOz)2.xH20 (98.0 %) from Aldrich, NaNO3
(+99 %) from Acros, KNO3 (> 99.0 %) and Sr(NO3)2 (> 99.0 %) from Fluka, and citric

acid (+99.5 %) from Alfa Aesar.

LaMnOs perovskite has been prepared according to the procedure described
elsewhere [4]. The maximum temperature applied for the thermal treatment was
lowered to 650 °C. This reference is labelled LMO. A similar procedure was applied
for the synthesis of alkali- and alkaline earth-substituted perovskites, with (na + nwn +
NLa)/Neitric acid = 1, (Na + NLa)/nmn = 1, and na/nia = 0.25 (A representing either K, Na, or
Sr). In a typical synthesis, appropriate amounts of alkali or alkaline earth nitrate,
manganese nitrate and lanthanum nitrate salts were dissolved together in distilled water
prior to the dropwise addition of diluted citric acid. The substituted perovskites
containing K, Na, and Sr elements are labelled LKMO, LNMO, and LSMO,

respectively.



2.2 Formaldehyde catalytic oxidation
HCHO catalytic oxidation was done in a fixed bed reactor with an internal diameter of
8 mm and a catalyst bed of 0.200 g, according to the procedure described elsewhere [4].
A constant concentration of 100 ppm of HCHO in a flow of 20 vol.% O2 in He was
generated using a permeation system (Dynacalibrator, VICI Metronics, Inc.), with the
permeation tube filled with paraformaldehyde. All reactions were performed under the
same mass-based space velocity of 30 L.gcaa2.h2. The outlet gas was monitored online
using a gas chromatograph (Varian) equipped with a thermal conductivity detector.
Separations were performed using two columns: one CP-Sil 5 CB column channel (8
m) for HCHO analysis, and one COX column channel (1 m) for CO2 analysis.

HCHO conversion (equation 1) represents the oxidation of HCHO into CO2, while
total removal of HCHO is given by HCHO elimination (equation 2). HCHO adsorption
is deduced from the carbon balance (equation 3), knowing that no CO was detected

when using GC-MS detection.

HCHO conversion (into CO;) = _[Iicci’lzgﬁ n
0

[HCHO],—[HCHO];

HCHO elimination = [HCHO],

)
HCHO adsorption (%) = 100 — (HCHO elimination — HCHO conversion) 3
Where [HCHO]o is the initial HCHO concentration (100 ppm), and [HCHO]tand [CO2]:
are their concentrations at a time t. Stability tests were carried on catalysts firstly
activated 1h at 300 °C under a flow of 20 vol% O2/He (100 mL min™). The temperature
was then decreased to reach the temperature at which 50 % of the HCHO is converted
(Ts0), and the reacting gas composed of 100 ppm HCHO in 20 vol% Oz/He (100 mL
min't) went across the catalyst bed for at least 64 h.

Moreover, turnover frequencies (TOFs) were deduced from catalytic tests as

follows [24]:
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Ny 4+

Where ChcHo is the inlet HCHO concentration; XucHo is the HCHO conversion (into
COy); Vgas is the total molar flow rate; and ny,++ is the mole number of Mn** ions
per gram of perovskite as estimated by Hp-TPR. While a contribution from Mn3*
species on the total catalytic activity cannot be ruled out completely, it remains
negligible due to the much lower reducibility of Mn(l11) compared to Mn(1V).

2.3 Characterization

Powder X-ray diffraction (PXRD) patterns were collected on a Bruker D8
Advanced AXS diffractometer. The diffractometer was operated at 40 kV and 30 mA
and was equipped with a monochromatic radiation source (A = 1.5418 A). Step time of
1 s and step size of 0.02° were used to record the X-ray diffractograms. Nitrogen
sorption isotherms were measured at 77 K on a Micromeritics Flow Sorb 111 serial 416
apparatus. Prior to analysis, samples were degassed at 423 K during 6 h. The specific
surface area (Sger) was determined according to the BET method, and the total pore
volume (Vpore) Was estimated from the nitrogen adsorbed at P/P° = 0.99.

The Fourier transformed infrared (FTIR) spectra were recorded on a Thermo
Scientific Nicolet iS50 FTIR spectrophotometer over the 4000-400 cm ™! range. High-
resolution X-ray Photoelectron Spectra (XPS) were collected on a Kratos Analytical
AXIS UltraP'P spectrometer equipped with a monochromatic Al Ka X-ray source
(1486.6 eV), with a constant pass energy of 20 eV. Spectral decomposition and
quantification were done using CasaXPS, after calibration with adventitious C1s (284.8
eV).

CW-EPR expriments were performed using a Bruker ELEXYS E500 operating at

9.34 GHz. In situ EPR spectra were collected from room temperature until 580K with



a ramp of temperature of 10°/min. Microwave power was set to 1 mW and amplitude
modulation to 4 G. The g factor is determined following the relation (5):

hv = gBB (5)
Where h is the Planck’s constant, v is the microwave frequency, 8 is the Bohr magneton
constant, and B is the magnetic field.

Samples composition was evaluated using an Agilent Technologies 700 Series
inductively coupled plasma-optical emission spectrometer (ICP-OES). The materials
were dissolved in concentrated HCI/HNO3 mixture prior to analysis. Temperature
programmed reduction (TPR) profiles were acquired using a Micromeritics Autochem
I1 2920 apparatus. The materials were heated up to 1000 °C following a heating ramp
of 10 °C.mint under 5 vol% Hy/Ar gas flow (50 mL.min ). Oxygen temperature-
programmed desorption (TPD) measurements were conducted after in situ activation at
40 °C under a flow of 5 vol% O/He. Then, the solids were heated up to 1000 °C
following a heating ramp of 10 °C/min under a gas flow of He (30 mL/min). A mass
spectrometer allowed identification of Oz (m/z = 32) in the outlet gases, and the amount
of Oz desorbed was quantified from calibrated pulses (1 pmol).

High angle annular dark field (HAADF) imaging and scanning transmission
electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDX) have been
conducted using a FEG TEM/STEM system (Titan Themis FEI) operated at 300 kV.
The microscope is equipped with a monochromator, a super-X windowless four-
quadrant silicon drift detector (SDD) for the STEM-EDX mapping, and a probe Cs
corrector allowing spatial resolution of about 65 pm. For both HAADF acquisitions and
STEM-EDX mapping, the probe size was about 500 pm with screen currents comprised
between 50 and 100 pA. Collection angles for the HAADF detector were comprised

between 50 and 200 mrad. For the probe, a semi-convergence angle of 21 mrad was



used. Samples were directly observed as powders, and as thin foils. The thin foils (50
nm) were prepared using a Leica Ultracut S ultramicrotome, after dispersion of the
samples within an epoxy resin and curing.

3 Results and Discussion

3.1 PXRD and Nitrogen Physisorption

The PXRD patterns of all samples, displayed on Figure S1, match with the typical
diffraction pattern of rhombohedral LaMnOs .15 (JCPDS 50-0298). No diffraction peak
corresponding to a secondary crystalline phase, such as LaxOz and MnOy, can be
observed. The average crystallite size (dumo), determined when applying the Sherrer
equation to the (024) plane, is about 19 to 25 nm (Table S1). Evidence of cations
insertion within the perovskite structure can be deduced from the PXRD patterns
(Figure S1, insert). When La®* was substituted by Na*, presenting a smaller ionic radius
(1.22 A against 1.06 A, respectively), diffraction peaks are shifted toward smaller
interreticular distances, while ions with larger radius (1.45 A for K*) shifted the
diffraction peaks toward larger interreticular distances [5]. As a direct consequence of
inserting cations of different ionic radii, the lattice volume is modified and lattice
distorsions arise. On the other hand, when La®" was substituted with Sr?*, presenting a
comparable ionic radius (1.23 A), no shift can be observed.

N2-physisorption isotherms are presented on Figure S2, and the related textural
data are given in Table S1. Isotherms are of Type 2 according to the IUPAC
classification, which are characteristic of poorly porous solids. The notable N2 uptake
above P/P° = 0.8 fits with the formation of intercrystalline mesopores as well as small
macropores due to the decomposition of the citrate precursor. As expected, all samples
display relatively low specific surface areas (from 18 to 23 m2.g?) as well as limited

pore volumes (from 0.06 to 0.10 cm3.g™%). All these characteristics are related to the
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high bulk density of the perovskite phase combined to the ~20 nm crystals size.
3.2 Elemental analysis

Chemical states and surface element compositions were evaluated by X-ray
photoemission spectroscopy (XPS), while the bulk composition was determined by
inductively coupled plasma analysis (ICP). All elemental data, including the molar ratio
of adsorbed oxygen species, are summarized on Table 1. Moreover, EPR spectroscopy
was conducted to probe the chemical environment of Mn** species.

Within experimental and apparatus errors, the determined atomic ratios of A/Mn
by ICP are in close agreement with the nominal values except in the case of LNMO,
possibly characterizing the presence of extra-lattice Na*. LMO perovskite particles are
known to present A-site enrichment at their surface [4], leading to La/Mn atomic ratios
higher than 1 as obtained by XPS. By comparing ICP and XPS results for LKMO and
LNMO, it seems clear that some extra-lattice Na* are remaining in the case of LNMO,
leading to its surface enrichment.

The La 3d, Sr 3d, Na 1s, K 2p, and Mn 2p XPS spectra for all samples are shown
in Figure S3. Notably, Mn 2p region exhibits two photopeaks at ~642 eV and ~653 eV,
which are respectively assigned to Mn 2ps;2 and Mn 2p12. The Mn 3s region can be
observed in Figure 1a. Owing to Mn 3s splitting value (AEs), the average oxidation state
(AOS) of surface Mn can be estimated from following the correlation: AOS (Mn) =
8.956 — 1.126 x AEs [25]. In the case of LMO, the surface AOS (Mn) is 3.4 (Table 1),
slightly higher than the theoretical value (3.3) and corresponding to a mixture of
Mn*/Mn®*" with Mn*" as the predominant cation. The Sr-, Na- and K- substituted
samples (LSMO, LNMO and LKMO) show AOS (Mn) values of 3.5, 3.6 and 3.6
respectively. Despite the considerable margin of error (10%) on these values, it seems
that Mn** enrichment occurs as a result of La®* substitution by lower valency cations

11



(e.g. Sr?*, Na*, K*). However, according to the principle of electronic neutrality, the
total charge of the lattice has to be balanced either by increasing the average oxidation
state of the B-site cation or by the formation of oxygen vacancies (Vo). Figure 1b
displays high-resolution XPS spectra in the O1s region for all samples. Three
components can be positioned at 529.3, 531.1, and 532.9 eV, attributed to the surface
adsorbed oxygen species (02", 02>~ and O-, labelled Oads), the surface lattice oxygens
(0?, labelled Oat), and some adsorbed oxygen-containing groups including water and
carbonate species (labelled Ow), respectively [26]. Surface adsorbed oxygen species
(Oads) are usually linked to surface oxygen vacancies [27], the latter providing sites for
adsorption during the oxidation process: Ozg) will adsorb and dissociate on Mn(ll11)
surface site, leading to the reoxydation of manganese to +1V. Consequently, the density
of surface adsorbed oxygen species directly affect the oxidation performance [16].

Interestingly, all A-site substituted samples present significantly higher Oads/Otot
(total amount of oxygen species, denoted Otqt) ratio compared to the reference LMO
(Oads/Orot = 0.43-0.46 vs. 0.34, Table 1). Supposing constant surface oxygen-containing
groups (Ow), this increase could be ascribed to a higher concentration of surface
adsorbed oxygen species. It should be noted that the binding energy of Oja is shifted to
lower values in the case of LNMO and LKMO (Figure 1b). This evolution could be
related to the notable difference in ionic radii between Na*/K* and La®*, inducing
deformations in the crystal network and weakening Mn-O bonds [19]. The latter would
enhance lattice oxygen mobility.

Oxygen vacancies, which are often postulated in oxidation mechanisms, were
probed by EPR spectroscopy. EPR spectra of as-made LMO and LNMO are represented
on Figure 2. For LMO, the presence of Mn(1V) species is clearly reflected by the signal
centred at g = 1.96. Interestingly, this signal is shifted toward a g factor of 1.99 for

12



LNMO, indicating a different chemical environment around Mn(IV) and supporting the
successful insertion of Na* within the perovskite framework as well as possible
distortions of the crystal lattice. Importantly, no sharp signal between g = 1.96 (shallow
donor) and 2.01 (acceptor vacancies) was detected in any spectrum [28]. Therefore,
these results contradict the presence of consequent oxygen vacancies in the materials,
and pledge for an increase of the average oxidation state of Mn species.

3.3 Reducibility and oxygen reactivity studies

H>-TPR profiles and related data are shown in Figure 3 and in Table 2, respectively.
LMO presents one major peak centered at 377 °C, assigned to the reduction of Mn**
into Mn**, and a shoulder around 470 °C, associated to the partial reduction of Mn®*
into Mn2* [7]. Over 600 °C, the intense peak refers to the reduction of the remaining
Mn®*" to Mn?*. A close fit is observed between the theoretical (2.70 mmol/g) and
experimental (2.66 mmol/g) values of H> consumption.

The main peak for Sr- and K-substituted samples LSMO and LKMO is shifted to
lower temperatures (365 °C and 360 °C, respectively), while a lower temperature
shoulder (349 °C) appears for LNMO, indicating facilitated reduction of Mn**. Also,
the onset temperature (Tonset) IS below 150 °C for all A-site substituted perovskites,
about 100 °C lower than the reference LMO. This initial hydrogen consumption is
attributed to the elimination of surface oxygen adsorbed species (adspecies). The total
H> consumption at low temperature (< 600 °C) was 1.58, 1.63 and 1.67 mmol/g for
samples LSMO, LNMO and LKMO, respectively, while 1.37 mmol/g of H> was
consumed in the same temperature range by the reference LMO. This is in line with the
increase of Mn(1V) species as seen by EPR and XPS.

As determined on Figure S4 the initial H> consumption rate, and therefore the low

temperature reducibility [29], decreases in the following order: LSMO > LKMO =
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LNMO > LMO. When the temperature is increased, the reducibility of the alkali-
substituted samples increases faster. These results indicate that the partial substitution
of La®* cations by Sr?*, Na* or K* promotes low temperature reducibility of LMO-based
catalysts, in addition to an increased concentration of adspecies, which should have a
beneficial effect for oxidation reactions.

O.-TPD profiles were used to estimate both the surface and bulk oxygens
reactivity. The related MS signals (m/z = 32) are presented on Figure 4. LMO only
presents one main oxygen loss observed above 750 °C (region Ill), referring to the
release of lattice oxygen from the bulk (Oiwt). Additionally, a weak desorption is
observed between 300 and 440 °C (a-O2). Therefore, LMO is expected to perform
poorly for low temperature oxidation.

A-site substituted samples present, on the other hand, two desorption domains at
low temperature (region I at T = 100-440 °C and region 1l at T = 440-750 °C), related
to a and  oxygen species, respectively [30,31]. The first peak below 440 °C (region I)
is ascribed to the release of the weakly adsorbed surface oxygen species (e.g. O™ and
02), as well as some oxygen species from the subsurface lattice (0%). The second peak
below 750 °C (region I1) can be attributed to the reduction of bulk Mn(IV) species by
the outward diffusion of oxygen species (0%). Thus the A-site substituted perovskites
(LSMO, LNMO and LKMO) possess more surface active oxygen species. Moreover,
the results suggest that oxygen mobility from the bulk is strongly improved for these
samples.

3.4 Catalytic activity

HCHO catalytic oxidation in the presence of the different perovskite-based

materials is presented on Figure 5 and in Table 3. Lower reaction temperatures are

obtained in the presence of the A-site substituted catalysts, compared to the reference
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LMO. Especially, LKMO achieves a remarkably low Tso (corresponding to the
temperature at which 50% of the initial HCHO is converted) of 108 °C, substantially
lower than LNMO (123 °C), LSMO (133 °C) and LMO (145 °C).

Alkali ions have been reported to favor adsorption of HCHO over catalysts [15-
17]. Therefore, this parameter should be taken into account, both to better understand
the HCHO oxidation mechanism, and to discriminate adsorption from catalytic
oxidation. From the results, A-site substitution by alkali ions clearly promotes the total
HCHO elimination at low temperature following adsorption, as illustrated by the carbon
balance. Moreover, the onset temperature (Tonset) in the presence of LNMO or LKMO
is as low as room temperature, while it increases to 68 °C and 112 °C in the presence
of LSMO and LMO, respectively.

To brush off the potential influence of the surface area, which is proportional to
the number and accessibility of active and/or adsorption sites, on the conversion rate,
the corresponding specific HCHO reaction rate (Rs) at 110 °C was calculated. As
displayed in Table S1, LKMO showed the highest specific HCHO reaction rate (0.79
pmol st m2) - seven times higher than LMO (0.12 pumol st m?) - followed by LNMO
(0.45 pmol st m2) and LSMO (0.32 pmol s* m?).

The Arrhenius plots corresponding to each material are presented on Figure S5.a,
and the related apparent activation energy (Ea) are indicated in Table S1. The Ea values
of Na- and K-substituted perovskites are 46.5 and 63.5 kJ/mol respectively, which are
within the range of supported noble metal catalysts (Table S2), confirming their high
potential as catalysts. Moreover, the turnover frequencies (TOFs) were determined for
all perovskite-based catalysts and presented in Figure S5.b. At 100 °C, their respective
TOFs values are 0.49.10°% s%, 1.35.10°3% s%, 2.63.10° s! and 2.74.102 s, For

comparison, TOFs values from 3-dimensional transition metal oxides (MnO2 and
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Co0304) and supported silver catalysts, which have been highlighted as efficient
catalysts for HCHO oxidation, are also indicated on Figure S5 as well as in Table S2.
As expected, supported noble metal-based catalysts exhibit higher TOF values for the
same reaction temperature, however they remain in the same range as the alkali ion-
substituted perovskites LNMO and LKMO. Moreover, LNMO and LKMO are more
active for HCHO oxidation than other reported transition metal-based catalysts.

Briefly, LKMO and LNMO present relatively high specific reaction rates and
TOFs, implying that they are attractive catalysts for low temperature HCHO oxidation.
Their improved catalytic activity might stem from two main factors. Firstly, the
substituted perovskites present enhanced low-temperature adsorption capacity of
HCHO (see Fig. 5) owing to ther high concentration of surface adsorbed oxygen species.
Indeed, surface oxygen species including hydroxyl groups can directly react with
HCHO to form formate and carbonate species [32]. Secondly, the performance of a
catalyst in oxidation is typically related to its oxidizing capacity, which has been
demonstrated as superior in the case of all A-site substituted LMO perovskites. Not
only Mn*" enrichment enhances the catalytic action of the redox cycle by supplying
active oxygen species during the reaction [27,33], but it also favours surface adsorption
site formation [16]. By participating to the adsorption of dioxygen molecules, their
further dissociation into active oxygen species, and their inner migration [34], surface
adsorption sites have a major contribution to the global catalytic mechanism. Thus,
HCHO catalytic oxidation may be considered dependant of the surface properties, and
the reactivity of Mn**/Mn3* redox cycle.
3.5 Effect of alkali ion substitution on HCHO oxidation mechanism

The formation of intermediate species on the catalysts surface was probed using

ATR-FTIR, before and after HCHO exposure (Figure S6). Over LMO before HCHO
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exposure, two main bands at 1382 cm and 1476 cm™! are observed, belonging to the
C-O stretching of carbonate species usually found after the preparation of La-based
perovskites [35]. The three A-site substituted peroskites also exhibit similar bands, with
an additional peak using LSMO around 1445 cm possibly corresponding to SrCO3
(Figure S7).

After HCHO oxidation, two new strong bands appear in all samples at 1354 and
1575 cm1, assigned to formate species vs(COO) and vas(COO) respectively. Two other
bands, around 1386 and 2838 cm™, are also assigned to formate species (eg., 5(CH)
and v(CH)) [32,36]. Additionally, three bands of lower intensity can be observed on the
spectra of the A-site substituted perovskites. One, around 1428 cm (§(CHy)), is
attributed to dioxymethylene (DOM, H2.COz) [37], which is a well-known intermediate
that easily oxidize to formate (HCOQO") [19]. The two other bands, at 1406 and 1497
cm1, belong to surface carbonate species (e.g. COz*) [14,32]. In contrast, a very weak
shoulder around 1500 cm™?, also attributed to COs* presence, is observed on the spent
LMO. These observations underline the improved adsorption of dioxymethylene,
formate and carbonate species on the surface of all A-site substituted perovskites. This
is in line with the study of S. Selvakumar et al. on birnessite [38], who reported that
formate species can interact both with Mn and K ions, while carbonate species interact
only with K ions. This, in turn, also means that La interacts weakly with carbonate
species.

Prior investigations reported that oxidation of HCHO first generates formate
species, which are further oxidized into CO: in the presence of surface oxygen species
[32,36,38]. Two oxidation mechanisms are usually discussed. While not uncompatible,
they are likely to present different reaction kinetics and intermediates formation,

depending on the degree of participation of surface -OH groups. They play a critical
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role in HCHO oxidation at low temperature by enhancing HCHO adsorption via
hydrogen bonding, while facilitating its activation [32]. When abundant surface -OH
groups are present, direct oxidation of formate species (HCOOaqgs) into CO2 is preferred
(route A). In contrast, when a catalyst lacks surface -OH groups, the formate species
may tend to decompose into water and surface -CO, which is then oxidized into CO>
by the active oxygen (e.g. 0,%, Oz, O, etc. denoted by O) species (route B). Based on
XPS, ATR-FTIR, and O>-TPD, the A-site substituted perovskites likely follow route A,
while the reference LMO would rather follow route B.
Route A: HCHO — HCOO ags + OH™ — CO2 + H20

Route B: HCHO — HCOO ags — CO + O — CO»

O,-TPD, ATR-FTIR and XPS highlighted the positive effect of A-site substitution
on surface oxygen species (O7, Oz, and potentially -OH) density and reactivity, but the
role of bulk oxygen species (O%) remains unclear. Thus, temperature-programmed
oxidation of HCHO over pre-saturated LMO and LNMO were followed by EPR under
inert conditions and the results are presented on Figure 6. First, the EPR integrated
signal of LNMO at room temperature is higher than that of LMO, meaning that more
Mn** species are initially present in LNMO. This is in line with XPS and H2-TPR
measurements. Interestingly, the results evidenced two different mechanisms
depending on the material. In the case of LMO (Fig. 6.a2), there is only a slight difference
in terms of Mn(IV) content between the starting HCHO-saturated material, and the
ending material which was gradually heated up to about 300 °C then cooled down back
to room temperature. Therefore, the O? bulk oxygen species were not consumed. This
further means that HCHO is likely to be oxidized over LMO by surface adsorbed
oxygen species, leading to reduced surface Mn(l11) sites replenished by dissociative
adsorption of gaseous oxygen molecules for further reaction.

On the other hand, a drastic decrease of the EPR signal of Mn(IV) is observed
below 350 K in the case of HCHO-saturated LNMO (Fig. 6.b). This observation can

only be explained by a massive consumption of O? oxygen species from the material
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bulk starting as soon as the temperature increases, leading to the reduction of Mn(IV)
into Mn(111) (species which cannot be observed by EPR). Thus, in opposition to what
was observed with the unsubstituted LMO perovskite, partial substitution of La* by
alkali ions allows O% oxygen species to react below 350 K. In addition, the EPR spectra
demonstrated that at least a small part of Mn(l11) is further reduced into Mn(ll) while
no significant oxygen vacancies are formed. When the temperature returned to room
temperature, EPR demonstrated that 84% of the Mn(IV) was consumed in total, and the
position of the EPR spectra suggests that Mn(ll) species are no more present. These
results support a Mars and van Krevelen redox mechanism involving the participation
of bulk O% species during the HCHO oxidation reaction, despite the low reaction
temperature, over LNMO.

Based on this discussion, a possible mechanism pathway for HCHO oxidation by
A-site substituted perovskites is proposed on Figure S8.

3.6 Stability test and effect of humidity

Figure S9 displays HCHO elimination and conversion over time under dry stream
at Tso over LSMO, LNMO, LKMO and LMO. Over the first hours, HCHO conversion
increases over the three A-site substituted peroskites, which might be due to reaction
between adsorbed HCHO with adsorbed oxygen species [39]. However, a substantial
decrease of both HCHO conversion (Fig. S9.a) and HCHO elimination (Fig. S9.b) is
observed overtime with the substituted perovskites, while LMO activity remains
relatively stable.

To better understand the undergoing phenomena, the spent catalysts were
characterized by PXRD, XPS, TPR and TEM. The PXRD patterns (Figure S10) of the
spent catalysts do not change significantly over the course of the reaction, meaning that
no major phase transition nor collapsing occur. High resolution HAADF images of the
spent LNMO catalyst are given on Figure 7. The upper-right HAADF image is a
magnification of the green area marked on Figure 7.a. Those images are coherent with
a LMO perovskite grain seen in the (130) crystallographic plane. For this

19



crystallographic projection the observable interplanar distances of 3.81 A, 1.75 A and
1.62 A correspond, within experimental errors, to the respective crystallographic
distances of the (002), (310) and (312) planes of the perovskite lattice. This is in
agreement with PXRD, confirming that no significant structural changes have occurred.
Figures 7.c to 7.f display STEM-EDX elemental mapping of La (green), Mn (red), Na
(ligh blue) and O (dark blue). Na remains homogeneously distributed at the nanometric
scale after HCHO oxydation. The average relative elemental quantification, (La: 18 at%,
Na: 2 at%, Mn: 18 at%, O: 63 at%) is in agreement, within experimental and
quantification procedure errors, with the composition of the fresh LNMO catalyst.
Homogenous distribution of Na cations over the grain is clearly visible (Fig. S7.e).

The intensity of the HAADF signal depends on the thickness, density and atomic
number as approximately Z*7[40]. This means that heavier elements will appear with
brighter intensities on HAADF images. Therefore, on Figure 7.b the brigthest columns
correspond to atomic La arrays (green arrow), while adjacent darker columns (red arrow)
correspond to atomic Mn arrays. A closer look at the La arrays reveals the presence of
atoms with lower contrast (black arrows), which could correspond to inserted Na. Thus,
Na ions remain homogeneously distributed and well integrated in the perovskite crystal
lattice at the atomic level even after the catalytic test.

However, as displayed on Figure S11.a, an appreciable change of XPS spectra in
the Mn 3s region is observed compared to the fresh catalysts. After HCHO oxidation,
the surface average oxidation state of Mn decreased from 3.51 to 3.10, 3.55 to 2.68,
3.63 10 2.99 and 3.40 to 3.26 over LSMO, LNMO, LKMO and LMO, respectively. The
substitution of La®* by elements of lower valence thus accelerates the reduction of
lattice Mn** into Mn®*2* through bulk oxygen mobility, as observed by in situ EPR.

Similarly, at the low temperature region (200-650 °C) of the TPR profile (Figure
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S11.b), the amount of consumed Hz is lower for all spent samples (LSMO: 0.83 mmol/g;
LMO: 1.12 mmol/g) compared to the fresh catalysts (LSMO: 1.58 mmol/g; LMO: 1.37
mmol/g), correlating the XPS results. Additionally, the H>-TPR profile of all spent
catalysts are shifted to higher temperatures, suggesting lower reducibilities.
Remarkably, in the case of alkali-substituted perovskites (LNMO and LKMO), two
negative peaks around 320 °C are underlined by the dotted area in Figure 9b. This peak
could belong to the desorption of HCHO intermediates, such as formate and carbonate
species, which were firmly adsorbed on the used catalysts surface.

XPS spectra in the O1s region of the catalysts before and after reaction are
superimposed on Figure S12. After reaction, the intensity of bulk oxygen species (Olatt)
decreases considerably with LNMO (Fig. S12.b) and LKMO (Fig. S12.c), while it
decreases only slightly with LSMO (Fig. S12.a). This correlates with the observed
global manganese reduction. Also, a new intense band noted Or appears at high binding
energy (531.5 eV) for LSMO, LNMO and LKMO. This new band is associated to O=C
and O-C groups from adsorbed formaldehyde and formate species [38]. Their presence
is also attested by XPS spectroscopy in the C1s region (Fig. S13), through a new
component noted Cr and emerging around 288.6 eV [38,41]. EPR spectroscopy (Fig.
S14) conducted on the spent LNMO further underlines the total reduction of Mn(1V)
species into Mn(I11) and Mn(ll). In contrast, no significant difference is observed with
the spent LMO, which is probably due to the higher reaction temperature used (Tso).
The latter should favor the O reincorporation rate as well as the desorption of
adspecies (Fig. S12.d and S13.d).

During the HCHO oxidation process, HCHO is first adsorbed on the catalyst
surface, and then oxidized by surface active oxygen species into DOM, formate,

carbonate and finally to CO.. Then the consumed surface oxygen species are
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replenished via the adsorption and dissociation of dioxygen and/or water, or by the
migration of bulk oxygen species. Thus, the catalytic mechanism is cyclic and involves
transition metal valence shifts [42]. In the short term, the adsorption and accumulation
of HCHO and relating intermediates on the catalyst surface allow to obtain higher
conversions. However, in the long term, a large accumulation of these species on the
surface will not only result in a drastic consumption of surface active oxygen species
and Mn(1V) species, but it also prevents the transfer of oxygen from gas-phase to Ojatt
through the adsorption-dissociation-incorporation mechanism [20,43]. Thus, the
HCHO oxidation activity of the A-site substituted perovskites is rapidly inhibited, due
to the decrease of lattice oxygens content, reservoir of reactive oxygen species.

According to the literature [14,15], the doping of noble metal-supported catalysts
by alkali ions including Na* and K™ has a drastic promotion effect on HCHO oxidation,
however their tests are usually conducted under controlled humidity. In fact, water
presence is considered as a major parameter for HCHO catalytic abatement [4,43]. High
relative humidity has been reported to provoke a notable loss of HCHO oxidation
activity due to competitive adsorption on the active sites [33]. Meanwhile, another
study reported that water presence not only favours the desorption of carbonate species,
but it also helps regenerating the hydroxyl groups [32,44]. Thus it is essential to
investigate whether a controlled humidity can improve the long-term performances of
the alkali-substituted perovskites (LNMO and LKMO).

The fresh catalysts were tested again in the presence of a humid gas stream (RH =
46%) at Tso, as shown on Figure 8. Compared to the stability results in dry conditions
(Fig. S9), the presence of H.O greatly improves the overtime catalytic activity of
LNMO and LKMO, with only a small overtime reduction of HCHO conversion and

HCHO elimination. In addition, the K-substituted perovskite presents a more durable
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activity than the Na-substituted perovskite. Thus in our conditions and as reported in
the case of birnessite [32], water is expected to avoid an accumulation of formate and
carbonate species at the catalysts surface, as well as to regenerate the surface hydroxyl
groups. Moreover, activation of H2O is expected to be facilitated by the presence of
alkali elements within the perovskite framework [14]. This is supported by EPR
spectroscopy conducted on spent LNMO, showing comparable content of Mn(1V)
species with the fresh LNMO catalyst (Fig. S12).

4. Conclusions

This study presented the preparation of A-site alkali- (Na*, K*) and alkaline earth-
substituted (Sr?*) LaixA’xMnQs perovskites, their extensive characterization and their
application to formaldehyde oxidation. All substituted perovskites presented higher
HCHO oxidation activity than the reference LMO. Especially, a Tso of 108 °C was
obtained with LKMO, which is the lowest Tso temperature reported so far with
perovskites. Those improved catalytic performances stem from a larger amount of
active oxygen species as well as the participation of bulk oxygen in the oxidation
mechanism due to the higher reactivity of Mn** species located in the bulk of the
substituted materials.

Stability tests in dry and humid conditions were conducted over 65 h on LMO and
the three A-site substituted perovskites. While the substituted perovskites initially
presented higher catalytic activity, a fast deactivation was observed during reaction
under dry conditions. This deactivation was attributed to the presence of abundant
adsorbed oxidation intermediates (dioxymethylene, carbonate, formate), inhibiting the
replenishement of surface oxygen species by molecular oxygen, and overtime depletion
of bulk oxygen species. Interestingly, deactivation was minimized when humidity was

added to the carrier gas, allowing the catalysts to present long-term activity. In brief,
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these results shed light on the catalytic promoting effect of alkali-substituted
perovskites, which shall guide future research toward the further improvement of
perovskite-based catalysts for the development of low-cost, high-efficiency materials

for indoor pollution control.
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Figure Captions

Figure 1. XPS core level spectra of (a) Mn 3s and (b) O 1s of LMO and the A-site
substituted perovskites.

Figure 2. EPR spectra of LMO (black) and LNMO (red).

Figure 3. Ho-TPR profiles of LMO and the A-site substituted perovskites.

Figure 4. O-TPD profiles of (a) LMO, (b) LSMO, (c) LNMO and (d) LKMO, followed
by simultaneous MS on-line detection with m/z = 32 assigned to O in the gas phase.
Figure 5. Catalytic oxidation of HCHO over (a) LMO and the A-site substituted
perovskites: (b) LSMO, (c) LNMO, and (d) LKMO (ChcHo = 100 ppm, 20 vol% O,
He balance, RH = 0 %, GHSV = 30 L.gcaw*.h™).

Figure 6. In situ EPR spectra of HCHO-saturated (a) LMO and (b) LNMO samples
gradually heated over 550 K. Insert: superimposed spectra of (black) the initial material
at RT, (red) after heating to 550 K, and (blue/green) after cooling down to RT.

Figure 7. (a-b) HR HAADF images of the LNMO sample after HCHO stability test in
anhydrous environment. (c)-(f) STEM-EDX maps of La, Mn, Na and O for the same
area. The HAADF image are taken in the [130] zone axis. The atomic rows with highest
intensity correspond to La columns (green arrow), lower intensity rows correspond to
Mn columns (red arrow). The black arrows indicate places of mixed atomic columns
with mixed Na/La character.

Figure 8. Effect of moisture on HCHO conversion with time on stream over (a) LNMO
at 123 °C and (b) LKMO at 108 °C (CrcHo = 100 ppm, 20 vol% Oz, He balance, RH =

46 %, GHSV =30 L.gcatal-l.h-l).
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Figure 1. XPS core level spectra of (a) Mn 3s and (b) O 1s of LMO and the A-site

substituted perovskites.
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Figure 2. EPR spectra of LMO (black) and LNMO (red).
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Figure 4. O.-TPD profiles of (a) LMO, (b) LSMO, (c) LNMO and (d) LKMO,
followed by simultaneous MS on-line detection with m/z = 32 assigned to O in the

gas phase.
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Figure 5. Catalytic oxidation of HCHO over (a) LMO and the A-site substituted
perovskites: (b) LSMO, (c¢) LNMO, and (d) LKMO (Chchro = 100 ppm, 20 vol% O3,

He balance, RH = 0 %, GHSV = 30 L.gcatar>.h?).
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Figure 6. In situ EPR spectra of HCHO-saturated (a) LMO and (b) LNMO samples
gradually heated over 550 K. Insert: superimposed spectra of (black) the initial
material at RT, (red) after heating to 550 K, and (blue/green) after cooling down to

RT.
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Figure 7. (a-b) HR HAADF images of LNMO after HCHO stability test in anhydrous
environment. (c)-(f) STEM-EDX maps of La, Mn, Na and O for the same area. The
HAADF image are taken in the [130] zone axis. The atomic rows with highest
intensity correspond to La columns (green arrow), lower intensity rows correspond to
Mn columns (red arrow). The black arrows indicate places of mixed atomic columns

with mixed Na/La character.
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Figure 8. Effect of moisture on HCHO conversion with time on stream over (a)
LNMO and (b) LKMO (Chcro = 100 ppm, 20 vol% O, He balance, RH = 46 %,

GHSV =30 L.gcatal-l.h-l).
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Table 1. Relative surface abundance of the elements constituting LMO and the A-site

substituted perovskites.

A/Mn? La/Mn®  A/La*  Mn/(La+A+Mn)®  AOS (Mn)®  Oaus/Otot
samples ICP XPS XPS XPS XPS XPS XPS
LMO - - 1.1(L.0) - 0.5 (0.50) 3.4 0.34
LKMO 0.20 (0.20) 0.4(0.20) 1.1(0.8) 0.3(0.25) 0.4 (0.50) 3.6 0.46
LNMO 0.30 (0.20) 0.6(0.20) 1.2(0.8) 0.5(0.25) 0.4 (0.50) 3.6 0.45
LSMO 0.19(0.20) 0.2(0.20) 0.9(0.8) 0.2(0.25) 0.5 (0.50) 35 0.43

2 Data in brackets are the nominal compositions of the reference and modified LMO samples.
b Margin of error + 10%
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Table 2. H2 consumption deduced from H>-TPR for LMO and the A-site substituted

perovskites.
H, consumption (mmol/g)
Samples LowT High T
Low temperature range Total
(<315°C)  (315-600 °C) (600-1000 °C)

LMO 0.04 1.33 1.37 1.29 2.66
LKMO 0.31 1.36 1.67 1.33 3.00
LNMO 0.19 1.442 1.63 1.332 2.96
LSMO 0.19 1.39 1.58 1.27 2.85

aData in low T and high T are calculated on 315-500 °C and 500-1000 °C, respectively.
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Table 3. Catalytic activity of LMO and the A-site substituted perovskites for HCHO

oxidation.

HCHO conversion temperature (°C)

Samples

T Tso Teo Tonset
LMO 114 145 185 112
LKMO 84 108 153 25
LNMO 76 123 167 25

LSMO 96 133 175 68
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