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ARTICLE INFO ABSTRACT

Editor: Kaimin Shih Perovskites are well known materials that are considered as viable alternative to noble metal-based catalysts in
the environmental field. To be competitive, major issues such as unattractive textural properties and lower
intrinsic activities than those of noble metal counterparts must be first addressed. On the other hand, reactive
grinding is a versatile method to efficiently synthesize materials with improved textural properties, depending on
the sequence and parameters. LaCoOs perovskites were synthesized by a three-step reactive grinding top-down
process: (i) solid-state reaction — SSR; (ii) high energy ball milling — HEBM; (iii) low energy ball milling — LEBM.
The physicochemical properties evolution of perovskite materials over the reactive grinding process was
investigated by XRD, Ng-physisorption, ICP-OES, XPS, Ho-TPR, O-TPD and OIE, while their catalytic perfor-
mances were evaluated for the toluene total oxidation reaction in dry and wet conditions. Each successive
reactive grinding step allowed us to optimize the catalysts textural properties, with respectively the obtention of
a microcrystalline material, a drastic reduction of crystal size to a nanometric scale along with formation of dense
particles and then a significant increase of specific surface area up to 50 m2.g~* by particles deagglomeration.
The reactive grinding sequence presented here also deeply impacted the redox properties of LaCoO3 catalysts,
leading to increased performances in the toluene total oxidation reaction (SSR < HEBM < LEBM). A special care
was paid to the impact of Fe contamination over grinding steps and time, on redox and catalytic properties of
LaCoO3 samples.
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limit values (TLV) respectively set at 50 and 100 ppmv for the European
Union [7]. Hazardous chemical substitution is highly encouraged but

1. Introduction

Major endeavors have been done in the last decades to improve air
quality, pushed by stringent environmental regulations [1,2] but the
industry sector is still a significant contributor to volatile organic com-
pounds (VOCs) emissions, which are responsible of important impact on
health and environment. Toluene, being part of the BTX family with
benzene and xylene compounds, is widely used in industry processes,
such as an organic solvent, synthesis precursor, cleaning agent or even
fuel additive [3]. Toluene, especially when mixed with benzene, has
been recognized as potential carcinogenic, mutagenic and reprotoxic
(CMR) substance [4], possesses consequent greenhouse power and
participates to the formation of photochemical smog and ozone by at-
mospheric photoreactions [5,6]. Thus, professional exposure limits have
been proposed to protect workers, with a long- and short-term threshold
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the cost and the difficulties to adapt already well-optimized industrial
processes make post-treatment solutions an easier immediate choice.
Among them, catalytic oxidation processes exhibit attractive charac-
teristics with a limited energy consumption and a complete and selective
elimination of pollutants [8]. Contribution to cleaner production from
the point of view of VOC emissions abatement has been recently
reviewed [9]. This review discussed the mechanism and current
advancement of non-noble metal catalysts to remove VOCs and under-
lined the potentiality of perovskites materials as catalyst. ABO3
Perovskite-type mixed oxides are a well-known class of materials due to
a large variety of physical and chemical properties based on A and B
atoms association, making them candidate for numerous applications
including in the field of heterogeneous catalysis [10,11]. Often
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considered as a promising alternative to precious metal-based catalysts,
perovskite-type materials exhibit interesting catalytic activities and
stabilities for VOCs oxidation [12-14] while constituting elements being
cheaper and more available than platinoid group metals (PGM) [15].
However, perovskites are generally presenting significantly lower ac-
tivity than optimized supported noble metals, one of the reasons being
the limited textural properties achieved with the classical synthesis
procedures that represent a major technical limitation, hence reduce
their appeal to a practical use. Indeed, the synthesis method has a huge
impact on perovskite properties [16-18] and key factors such as tran-
sition metal surface accessibility, specific surface area and crystal
domain size; all three of them having an important effect on cation
reducibility and thus on catalytic activity, should be optimized.

Solution-mediated synthesis routes allow the production of material
with good textural properties, suitable for a catalytic application
[18-20], at the cost of a significant amount of solvent, steps and/or
thermal energy, that lower the benefits for a pollutant remediation aim.
For example, citrate-based synthesis the reference synthesis procedure
originally proposed by Courty et al. [21], requires the use of citric acid
(1 mol of citric acid per mole of NO3 from the nitrate precursor) in
addition to hundreds of milliliters of water per gram of perovskite.
Decomposition of the precursor results in the production of a significant
stoichiometric amount of CO, and NOx. However, this method can
achieve satisfactory surface areas, generally between 10 and 20 m2.g~!
[12,13], resulting in high-performance materials compared with
solid-state ceramic solids. More sophisticated methods have even been
proposed such as hard templating [13], microemulsion [13] and elec-
trospinning [22].

On the other hand, reactive grinding (RG) process is a versatile
approach commonly used in metallurgy that offers attractive features
such as flexibility, limited use of solvents, atmospheric pressure and low
temperature of synthesis [23,24]. Grinding processes are also commonly
used in the industry, making the approach easily scalable. Early reports
of RG-synthesized perovskites implied extended grinding times and/or
the addition of porogenic compounds to get access to suitable catalysts
[25-27]. The association of different grindings steps and parameters
allows the design of a reactive grinding sequence based on the desired
properties of final product, and many efforts were done to increase both
economic and ecofriendly factors. Thus, the method has shown its po-
tential to efficiently produce materials with finely tuned textural prop-
erties, such as MnO,, several perovskite- and hexaaluminates-based
catalysts [28-30]. The catalytic activity of perovskites depends on the
nature of the transition metal, and cobalt is one of the most efficient
transition metals for the total oxidation of VOCs. The catalytic activity of
LaCoOs in toluene oxidation has been investigated by various authors
using different approaches for catalyst preparation by studying the effect
of Co3* spin states [31], the influence of acid treatment [32] or the
impact of A-site non-stoichiometry [33]. In the present work, LaCoO3
perovskite-type mixed oxide are obtained by a three-step reactive
grinding top-down process. The selected sequence is constituted of: (i) a
solid-state reaction in order to obtain a well crystallized perovskite
phase from the respective single oxides, followed by structural and
textural modifications with (ii) a high energy ball milling (HEBM) step
for crystal size reduction and (iii) a low energy ball milling (LEBM) step
for surface area development. Solids are characterized at each step of the
synthesis to investigate the impact of reactive grinding steps over the
chemical and physical properties, as well as catalytic performances in
both dry and wet conditions for the toluene total oxidation reaction.

2. Material and methods
2.1. Synthesis
Perovskite-type mixed metal oxides LaCoOs were synthesized by a

three-steps reactive grinding process. Advantages associated to this
method are: a limited amount of solvent used, an easy scalability and
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excellent reproducibility, a high versatility being adaptable to materials
of various nature [24]. Step 1 consists in a classical Solid State Reaction
(SSR; also commonly called ceramic method): oxide precursors (LagO3
and Co304) were homogeneously mixed at a molar La:Co ratio equal to
1.0. Obtained powder is calcined for 4 h at 1100 °C under static air at-
mosphere to obtain the perovskite phase, a temperature enough to allow
the crystallization of the perovskite phase. In step 2, HEBM step is
performed. Mass of SSR sample used for each LEBM step is 9 g per batch.
Milling was performed for 90 min using a SPEX 8000D grinder with
stainless steel equipment and balls (¢ 1x11 mm. 2 x12.5 mm) under
static air atmosphere, at a revolution frequency of 17.5 Hz (1060
cycle-min’). The step 3 consists in the Low Energy Ball Milling (LEBM).
LEBM is conducted with 60 g of HEBM sample. Milling was performed
for different times up to 480 min using a Union Process Svegvari attritor
with stainless steel equipment and balls (¢ 5 mm), with addition of a
small amount of water (0.4 mL per g of material) and operated at a
rotation speed of 450 rpm. The milled sample was recovered using 100
mL of water (or 500 mL for two selected samples, marked with a *) and
dried at 150 °C overnight. All materials were calcined for 3 h at 400 °C
prior to characterization and catalytic performance evaluation.
Pt/Al,03 reference catalyst was synthesized by Incipient Wetness
Impregnation method (IWI). The appropriate amount to obtain 0.5% Pt
loading of the precursor KyPtClg (Fisher chemical) was dissolved in
water (volume adjusted to the pore volume of Al;03). The aqueous so-
lution of the precursor was mixed with the support, then dried first at
room temperature for 24 h in the dark, then at 180 °C for 24 h. The solid
was then calcined at 500 °C for 5 h in order to obtain the reference
catalyst denoted 0.5Pt/Al;Os.

2.2. Physico-chemical characterizations

Diffractograms were recorded on a Bruker D8 apparatus, using Cu Ko
radiation (A = 1.54059 A). Data were collected for 20 between 10° and
80°, with an increment of 0.05° and an integration time of 1.0 s at each
step. Diffractograms were indexed using references powder diffraction
file (PDF) database. Crystallite mean sizes are calculated using the
Scherrer equation: Deryse= (k-A)/(B-cosB), where k and f are respectively
the shape factor (~0.9) and the corrected full width at half maximum of
the single reflection peaks located at 26= 23.1 and 47.4°. High tem-
perature diffractograms are recorded on a Bruker D8 apparatus coupled
to an Anton Paar XRK900 reaction cell. A known mass of catalyst, taken
from the first synthesis step (i.e. solid-state reaction), was heated under
reductive conditions (similar to temperature programmed reduction
(TPR) experiments) and data acquisition conditions are the same than X-
ray diffraction (XRD) proceeded at ambient temperature. Scanning
electron microscopy (SEM) characterization was performed using a
JEOL microscope model JSM 5300. Prior to SEM analysis, a thin carbon
coating was deposited on the samples. No-physisorption experiments
were collected on a Micromeritics Tristar II porosity instrument. A
known mass of catalyst was degassed at 150 °C under vacuum for 6 h.
Isotherms were registered at a temperature of — 196 °C and specific
surface area (SSA) were determined from the adsorption branch in the
0.05-0.30 P/P range with the Brunauer-Emmett-Teller equation (BET).
Inductively coupled plasma optical emission spectroscopy (ICP-OES)
measures were done on an Agilent 5110 apparatus. Before analysis, a
known mass of sample was mineralized in strongly acidic solution,
passed through a 0.45 pm filter and diluted by a 2% factor. Hy -TPR
experiments were performed on a Micromeritics AutoChem II 2920
chemisorption analyzer. A catalyst mass fixed to ~40 mg was inserted in
a quartz reactor and degassed under inert gas. A flow of 5 vol% Ha/Ny
was stabilized at a total flow rate of 50 mL-min~! and the catalyst was
heated from 40 °C to 1000 °C at a temperature increase rate of
10 °C-min~! (experimental K and P parameters respectively of 88 s and
15 °C). Oy-Temperature Programmed Desorption (O2-TPD) experiments
were carried out with the same instrument. A sample mass of ~100 mg
was pretreated under synthetic air at a flow rate of 20 mL min~! at
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400 °C (temperature increase rate of 10 °C min 1) for 2 h before being
cooled to room temperature under air flow. Then the material is flushed
under an inert gas flow (He, 30 mL min 1) for 40 min. Desorption was
carried out from room temperature to 1000 °C under He flow (30 mL
min~?) at a heating rate of 10 °C min~'. The gas flow at the reactor
outlet is analyzed using a thermal conductivity detector (TCD) and a
mass spectrometer (m/z = 32, Oy; m/z = 18, HoO; m/z = 28, No; m/z =
44, CO3). Oxygen isotope exchange (OIE) experiments were performed
on a recirculation-type tubular reactor. A sample mass of 20 mg was
inserted in a quartz reaction cell, calcined at 400 °C for 1 h under pure
1602 atmosphere (flow rate: 50 mL~min’1) and degassed under vacuum
for 30 min at a temperature of 400 °C. The system is then stabilized and a
pressure of 55 mbar of 20, is applied. Partial pressures evolution is
monitored using mass spectrometry (1602, m/z = 32; 180160, m/z = 34;
180,, m/z = 36; Ny, m/z = 28). X-ray photoelectron spectroscopy (XPS)
analysis was carried out using a Kratos AXIS Ultra DLD apparatus with a
monochromated Al Ka (1486.7 eV) source working at 225 W (15 mA, 15
kV). La 3d, Co 2p, O1s, and C1s core level spectra as well as Fe 2p energy
region were acquired with a Pass Energy 20 eV. Processing was per-
formed using CasaXPS software, spectra being energy-corrected ac-
cording to the main C 1 s peak positioned at 284.8 eV. Quantification
results are based on the La 3d, O 1 s and Co 2p peak areas after a Shirley
type background subtraction.

2.3. Catalytic activity measurements

Catalytic performances were evaluated in the gas phase toluene
oxidation reaction. A mass of catalyst equal to 0.200 g was positioned in
a fixed bed reactor and was heated from 25 °C to 330 °C for 30 min
(2 °C-min 1) under synthetic air flow. Then, the reaction flow,
composed of 1000 ppmv of toluene diluted in synthetic air, was stabi-
lized at a flow rate of 100 mL-min ! (given a WHSV = 30,000
mL-h~!.g™!) and the reactor temperature was allowed to decrease from
300 °C to 150 °C at a constant temperature decrease rate of —
0.5 °C-min . Stability experiments were performed during 70 h and
100 h at a constant temperature of 220 °C and 230 °C, respectively. The
off-gases were analyzed on-line using a gas chromatograph (uGC, R3000
Agilent Gas Chromatograph) equipped with a thermal conductivity de-
tector (TCD) using a Stabilwax (10 m) column. The results were
expressed in terms of toluene conversion into carbon dioxide: X(%)=
100-[CO2]out/(7-[C7Hglin). Corrected pre-exponential factors (Ag corr)
have been recalculated considering an average activation energy (Ea) of
159 kJ-mol~!. To quantify the resistance against deactivation, an ac-
tivity coefficient agsy was defined as the ratio between the toluene
conversion after 70 h reaction to that at the initial time. To mimic real
conditions, catalytic performances were also evaluated in wet condi-
tions, adding a water quantity to the gas stream corresponding to a
relative humidity (RH) at 20 °C of 25%, 50% and 75%.

3. Results and discussion
3.1. Physico-chemical characterization

X-ray diffractograms obtained for LaCoOs materials at different
stages of the reactive grinding process are shown in Fig. 1. In the case of
SSR sample, diffractogram exhibits intense and narrow peaks that
matches with the LaCoO3 reference compound of R3c rhombohedral
structure (JCPDS #48-0123), which indicates the formation of a
microcrystalline sample. In addition to the LaCoO3 perovskite phase,
weak diffraction peaks are observed (20 = 27.3°, 28.0°, 39.5°, 48.3°,
48.6° et 64.0°) that corresponds to a lanthanum hydroxide La(OH)3
secondary phase (JCPDS #36-1481), resulting from an unreacted frac-
tion of lanthanum oxide (LazOg3) precursor. Indeed, in air, LayO3 hy-
drates easily to form La(OH)s; together with lanthanum carbonates
(when in the presence of CO3). Therefore, the presence of La(OH)s,
visible as very weak signals in the diffraction pattern of SSR, is
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Fig. 1. Diffractograms of LaCoOs samples at the different steps of reactive
grinding process. SSR, solid state reaction; HEBM, high energy ball milling;
LEBM, low energy ball milling. Bottom of the figure: vertical bars are for cited
JCPDS references.

associated to the hydration of external — unreacted — LayOs. Diffracto-
gram of the HEBM sample still exhibits LaCoO3 phase characteristic
diffraction peaks, therefore perovskite structure is maintained during
high energy ball milling process. One can observe that diffraction peaks
are significantly weaker in intensity with larger full width at half
maximum value (FWHM). This shape change results from an important
crystallite size reduction due to their fractioning while being milled at
high energy [30,34]. Diffraction peaks relative to the La(OH)3 secondary
phase is no more present. It can be explained either by reaction
completion during HEBM process, which is able to bring sufficient en-
ergy to the system to achieve the LaCoOj3 formation, either by dispersing
and homogenizing La(OH)3 phase into the perovskite sample, or either a
combination of both. Diffractograms obtained for LEBM LaCoO3 samples
are quite identical, regardless of low energy grinding time, and no
noticeable structural change is observed in comparison to the LaCo_-
HEBM sample one. However, a weak but constant in intensity reflection
peak has appeared at 20 = 36.9° that corresponds to a cobalt oxide
secondary phase (Co304; JCPDS #42-1467).

Both LaCo_LEBM120 * and LaCo_LEBM480 * samples, which had
received different treatment in comparison to unmarked samples
(500 mL of water for material recovery instead of 100 mL), exhibit
diffractogram having the previously described components plus weak
additional diffraction peaks corresponding to a lanthanum hydroxide
secondary phase La(OH)3 (JCPDS #36-1481). It is worth mentioning
that the Co304 diffraction peak (260 = 36.9°) seems to be slightly more
intense than for unmarked samples.

Crystallites mean size was estimated applying the Scherrer equation
on the 20 = 23.2° et 47.5° diffraction peaks (Table 1). While LaCo_SSR
sample crystallites are larger than what can be estimated by the Scherrer
equation (>80 nm), LaCo_HEBM sample presents strongly reduced
crystallites mean size (12 nm). No further evolution is observed for
LEBM samples. These values agree with LaCoO3 perovskites ones anal-
ogously synthesized by Royer et al. [17]. Indeed, comparable crystallite
sizes has been reported for the ceramic material (74 nm) and for the
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Table 1
Structural textural properties and elemental composition obtained for LaCoO3
samples at different steps of reactive grinding process.

Sample Phase (s) Deryst SSA® Fe cont.”
(nm) m™g"  (at%)
LaCo_SSR P. La(OH)3 > 500" <1.0 0.3
LaCo_ HEBM P 12 3.5 0.7
LaCo_LEBM30 P. Co304 11 6 1.4
LaCo_LEBM60 P. C030,4 12 7 1.7
LaCo_LEBM90 P. Co304 13 13 2.0
LaCo_LEBM120 P. Co304 11 21 2.3
LaCo_LEBM120 * P. La(OH)3. C0304 11 50 2.3
LaCo_LEBM180 P. Co304 12 29 n.d.
LaCo_LEBM240 P. Co304 13 30 n.d.
LaCo_LEBM360 P. Co304 11 36 n.d.
LaCo_LEBM480 * P. La(OH)3. C0304 13 52 n.d.

P: perovskite
@ determined by SEM
b SSA: Specific surface area
¢ measured by ICP-OES;n.d.: non-determined

ground sample (16 nm after calcination at 550 °C) [17]. Compared with
a more conventional synthesis, such as citrate complexation, the calci-
nation step at ~ 600 °C required for crystallization induces crystal
growth of up to 27 nm [17].

Morphology evolution of LaCoOs samples over reactive grinding
process was monitored by SEM (Fig. 2). The LaCo_SSR sample is mostly
composed of micrometric crystals that is consistent with materials issued
from ceramic process and needed high temperature crystallization steps.
HEBM step highly impacts sample morphology with only the presence of
large and dense aggregates of nanometric crystallites. LEBM step shows
a more limited impact on the sample morphology which is mostly
similar to the HEBM sample one, nonetheless elementary particles are
easier to discern thanks to progressive aggregate deagglomeration dur-
ing low energy ball milling process. Finally, marked sample case is
investigated (LaCo_LEBM120 *, Fig. 2(d)). The sample picture radically
differs from the previous ones, with sheet- and needle-like elements that
are respectively attributed to La(OH)3 and Co3O4 secondary phases
observed on diffractogram (Fig. 1).

LaCo_SSR sample SSA is quite low (< 1.0 m%g™!) which is in
agreement with surfaces reported for material produced by ceramic
process. While LaCo_HEBM sample shows a slightly higher SSA value (<
3.5 m%g 1), the value does not reflect the drastic crystallite reduction
size and results from the highly aggregated state of the sample (Fig. 2(a-

Fig. 2. Scanning electron microscope (SEM) images obtained for (a) LaCo_SSR,
(b) LaCo_HEBM, (c) LaCo_LEBM90 and (d) LaCo_LEBM120 * samples, taken
after calcination step (400 °C). Magnification: (a), 20x; (b-d), 50x.
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b)). The low surface areas displayed by the perovskite, even after
grinding, are associated to the aggregate-like porosity associated [29] to
the nanoparticle size that remains relatively large (>10 nm) and the
intra-aggregate porosity contraction during thermal treatment [17].

SSA evolution as a function of LEBM grinding time, for as made
samples and their calcined counterpart, is presented in Fig. 3(A). A
theoretical maximum SSA value of 69 m?g~! can be determined
considering spherical shape particles, a density of 7.29 and a crystallite
average size of 12 nm. From as made samples set, SSA value linearly
increases with time until it reaches a maximum value of ~50 m2.g ! and
then stabilizes at t > 180 min. This value is smaller than the theoretical
one, which results from a deagglomeration process that cannot be fully
achieved. The difference between both values is attributed to residual
grain boundaries and/or interparticle contacts. Marked LaCo_-
LEBM120 * et LaCo_LEBM480 * samples show much higher SSA values,
with respectively 74 et 77 m?-g~!. That is explained by La(OH); and
Co304 secondary phases contribution to LaCoOs SSA (Fig. 1). SSA values
of calcined samples show a similar trend that their as made counterparts.

Impact of calcination temperature upon SSA was investigated using
LaCo_LEBM180 sample (Fig. 3(B)). As made LaCo_LEBM180 sample
exhibits a SSA value of ~50 m2.g ™. A slight decrease is observed until a
temperature of 400 °C, then a major SSA drop occurs in the 400-500 °C
range. The SSA gain from LEBM process is lost when calcination tem-
perature >700°C is applied, with values of SSA being below
3.5 m%g~!. Considering that toluene catalytic oxidation can be achieved
at moderate temperature [17,18,35], calcination temperature can be set
to 400 °C, a good compromise to retain attractive SSA.

As a consequence of LEBM step is possible contamination by the el-
ements the milling parts are composed of, since these parts can be in
contact with the sample for extended times [26,28,29]. Such contami-
nation, especially with iron, has been reported having a negative impact
upon catalytic performances [17,28]. Iron contamination has been
monitored for early reactive grinding synthesis stages (Table 1).
LaCo_SSR and LaCo_HEBM samples present low iron contamination
value, whereas LaCo_LEBM samples see their iron level increased by a
larger amount (Table 1), which is explained by a greater surface contact
between material and grinding elements (i.e. steel balls). Interestingly,
the increase of Fe amount brought during LEBM process increase line-
arly with time (Fig. 3(C)).

LaCoOj3 samples surface chemistry was probed using XPS. Quantifi-
cation results, based on La 3d, Co 2p and O 1 s peak areas, are shown in
Table A.1. One can see that La/Co atomic ratio is higher than 1.0 for
each LaCoO3 sample with values ranging from 1.47 to 1.82. Such surface
La enrichment is frequently reported for perovskite-type compounds and
is bound to the ability of surface lanthanum to react with moisty or COy
to form hydroxy and/or carbonate surface species [36-38]. While La
surface concentration tends to decrease linearly with time during LEBM
process, Co surface concentration follows an opposite trend, getting a
La/Co atomic ratio near stoichiometry at extended grinding times (e.g.
LaCo_LEBM360).

Satisfying peak fitting of Oxygen O 1s core level spectra can be
achieved with three components (Fig. 4(A)): The O; component at low
binding energy (BE= 528.9 eV) assigned to lattice oxygen (0%) [39]; the
Oy component at intermediate binding energy (531.2 eV) corresponding
to several surface species such as O, O%’, HO™ and/or CO%‘ [38]; the Oy
component at high binding energy (533.3 eV) associated to adsorbed
Hy0 [40]. A noticeable decrease of Oy component is observed after
HEBM step, which can be correlated to the disappearance of La(OH)3
surface species in the high energy milling process (Fig. 1). Unlike to our
previous results [29], Oy component tends to increase back during
LEBM process. This can be linked to the CO%" component observed on C
1 s signal (Fig. 4(B)).

In addition to O 1 s and C 1 s, were monitored cobalt and iron with
respectively Co 2p and Fe 2p photopeaks (Fig. A1). LaCoO3 samples
show a very similar Co 2p signature for all samples that indicates no
major modification of Co chemical state while being milled (Fig. A1(A)).
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Fe contamination evolution as a function of low energy ball milling (LEBM) grinding time.
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Fig. 4. High resolution spectra of the (A) O 1 s and (B) C 1 s core level spectra for LaCoO3 samples. SSR, solid state reaction; HEBM, high energy ball milling; LEBM,

low energy ball milling.

Co 2p photopeaks can be curve-fitted with a main peak centered at
779.8 eV alongside two multiplet peaks and a satellite peak (789.8 eV),
which is identified as Co®* species [41-43]. The absence of a second
satellite at 785.9 eV, characteristic of Co*" species, indicates that sur-
face cobalt is only under Co(+III) form. While Fe concentration is quite
low as determined by ICP-OES (Table 1), interference from Fe Auger
peak (Fe LMM) was neglected in the Co 2p area. On the other hand, the
Co Auger peak (Co LMM) interferes with the Fe 2p (Fig. A1(B)), thus
exploitation should be handled with care [44]. The signal intensity in-
crease at ~715 eV is imputed to the Co surface concentration over
grinding processes (Table A.1). Nonetheless, a shoulder is easily
observable at ~724 eV in LaCoO3 LEBM360 sample which can be
explained by electrons from Fe 2p, /5 level, if compared to the Fe 2p XPS
spectra from a LaFeOs sample taken as reference [29].

Preliminary to in depth LaCoOs redox properties determination,
LaCo_SSR phase evolution over temperature and under reductive at-
mosphere was monitored in situ (Fig. A2). The diffractogram taken at
ambient temperature is identical to the one done in air condition (Fig. 1)
with addition of Pt support peaks (20 = 39.6° et 67.4°). This structural
composition is maintained up to 400 °C, when cobalt reduction starts
from Co(Il) to Co(Il) (i.e. LaCoO3 — La3Co30g (fiche JCPDS
#89-1319)). The reduction continues at 500 °C LazCo30g — LaCoOs 5
(fiche JCPDS #04-008-6405)) and 600 °C with the appearance of LayO3
phase (20 = 26.2°, 29.2°, 29.9°, 39.5°, 46.1°, 52.1°, 55.4°, 56.0° et
62.3°). Above a temperature of 700 °C, metallic cobalt Co? is observed

(20 = 44.3° and 51.7°).

Hy Temperature-programmed reduction profiles are presented in
Fig. 5 for selected samples. Then the reduction profiles and Hy-uptake
evolution over temperature exhibit low temperature (LT, 200-500 °C)
and high temperature (HT, 500-800 °C) reduction domains. This two
steps process is identified to the successive reductions Co(III) - Co(+I1I),
then Co(+II) — Co(0) [26,45,46], in accordance with in situ reduction
followed by XRD (Fig. A2):

1 1

LaCoOs + §H2—>LaC002_5 + EHZO (@D)]
1

LaCo0, 5 + Hy—>Lay 05+ Co® + H,0 2

Iron species reduction, in the form of Fe3O3 or Fe3" inserted in the
perovskite crystal, occurs in the temperature range 250-500 °C [47]. It
should therefore overlap with the Co(IlI) - Co(+II) reduction step,
observed in Fig. 5. Considering the low iron content from grinder
contamination (<2.3 at%, Table 1), and considering the limited level of
iron reduction (Fe(Ill) — Fe(+1I)), we assumed a negligible contribution
of Fe reduction to the Hy uptake.

LaCo_SSR sample reduction profile presents two reduction peaks in
its LT domain. However, the first reduction process, i.e. below the sharp
peak beginning above 600 °C, remains associated to the almost complete
reduction of Co®>" from the sample (surface and bulk) into C02+, as
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Fig. 5. (A) Temperature-programmed reduction (Hy-TPR) profiles and (B) cobalt reduction degree of LaCoO3 samples.

confirmed by calculating the hydrogen consumption and comparing it to
the total content needed to perform the Co®* to Co®" reduction (Fig. 5B).
Indeed, the reduction level curve presented in Fig. 5(B) shows that a
reduction of 0.8-0.85 e- (meaning 80-85% of the Co3* will reduce to
Co%") is achieved at the beginning of the reduction peak of the second
step. The complete reduction of Co>* to Co®™ is delayed when compared
to the temperature at which the phenomenon occurs for nanocrystalline
ground LaCoOgs, due to the bulk diffusion phenomenon occurring in
large crystals [26,27]. Important modifications of the Ha-TPR profile are
observed after HEBM process with an increase of Hy consumption from
LT domain and a global shift to lower temperatures. This reducibility
increase is mainly explained by the crystallite mean size reduction
(Table 1) [17]. Reduction profiles of LEBM samples are similar to the
HEBM one, nonetheless an additional shift of the LT domain to lower
temperature is observed, which is related to particle deagglomeration
and SSA increase of LaCoO3 samples during LEBM grinding [17]. Fig. 5
(B) present the level of reduction as a function of the reduction tem-
perature. Reduction level is calculated from the cumulated hydrogen
consumption at each point of the TPR, and taking into account of real Co
content in the sample analyzed. Y-axis therefore presents the level of
reduction of Co®* to Co(0), knowing that cobalt, initially present as Co®t
in the oxidized perovskite, can reduce by 3 electrons to form metallic
cobalt [17].

Electrons consumption per Co atom as a function of temperature
show a consumption value higher than 1 for HEBM and LEBM samples in
the LT domain (Fig. 5(B)) which indicate a fraction of cobalt reduced to
metallic cobalt [48] which is clearly not the case for the SSR sample.

Cobalt atoms average oxidation state (AOS) in LaCoOs samples were
estimated on the basis of Hy uptake (Table A.2). AOS(Co) values are
almost if not of 3, which is in accordance with the LaCoOj3 stoichiometry
(Fig. 1) and XPS results (Fig. A1(A)).

Oxygen temperature-programmed desorption curves are presented
Fig. 6. LaCo_SSR sample shows a unique and intense desorption peak
centered at 911 °C. LaCo_HEBM and LaCo_LEBM60 samples a high
temperature desorption peak shifted to lower temperature respectively
by — 90 °C and — 79 °C. Two other desorption peaks are also observed
at much lower temperature for these samples, with a maximum
desorption at T = 220 °C and 450 °C for the LaCo_ HEBM sample and
T =190 °C and 480 °C for the LaCo_LEBM60 one. The high temperature
desorption peak is commonly attributed to lattice oxygen ($-O), whereas
desorption peaks appearing at lower temperature are attributed to sur-
face and grain boundaries oxygens (a-O) [11,49,50], which are weaker.

Desorbed oxygen quantification is reported in Table 2 on the
desorption peak areas basis. Desorbed p-oxygen quantity depends on the
synthesis method [17] and is indicative of the oxygen mobility into the
bulk. The amount of oxygen desorbed at high temperature is in the same
order for all three samples (~40 pmol-g~1), which is comparable to
LaCoOs system one obtained by Royer et al. using ceramic method,
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Fig. 6. O,-TPD profiles (m/z = 32) of selected LaCoO3 samples (ramp=

+5 °C-min~! under He).

Table 2
0,-TPD results for LaCoO3 samples.

Sample Amount of Oxygen desorbed” Number of monolayer
(umol-g~1) desorbed”
o p o p
LaCo_SSR - 43.0 (911) - 17.9
LaCo_HEBM 11.6 (506) 35.8 (821) 0.83 2.6
LaCo_LEBM60  36.6 (482) 44.3 (832) 1.31 1.6

@ corresponding T, (°C) in parentheses;
b considering an amount of oxygen equal to 4.0 ymol-m 2 per monolayer.

whereas being smaller when others synthesis routes are used [17]. The
three samples having a value very close despite grinding steps is
explained by the shared first calcination step at high temperature
(1100 °C). On the other hand, the value of desorbed a-oxygen increases
significantly after each high and low energy ball milling step, while
being close to ones of LaCoO3 materials with comparable SSA [17]. In
the case of either LaCo_HEBM or LaCo_LEBM60 sample, the value of
B-oxygen desorbed normalized by unit of surface always corresponds to
the desorption of more than one oxygen monolayer, as previously
observed [17] which confirms the desorption of lattice oxygen at this
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step.

In order to assess oxygen mobility evolution upon the different
reactive grinding steps, oxygen isotopic exchange (OIE) isothermal
curves are presented in Fig. 7. Experiments shows that oxygen exchange
is set on a simple heteroexchange mechanism, which involves exchange
of a unique %0 atom with solid phase at a time, resulting in the
simultaneous reduction of 180180 fraction with augmentation of 120°0
fraction in the gas phase (Fig. 7(A)) [30] according to:

BOBO ) + 90 = 800, + 20,

Oxygen mobility in LaCoOs materials is highly impacted by the
origin of exchanged oxygen in the solid (surface > grain boundaries >
structure) [51]. Consequently, OIE curves can be divided into two main
domains characterized by: (i) a high exchange rate with the exchange of
surface and grain boundaries type oxygens (t < 5 min); followed by (ii)
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a much lower exchange rate part corresponding to bulk oxygens (Fig. 7
(B)) [52].

LaCoOg3 samples IOE results are reported in Table 3. Initial exchange
rate (Veini), determined at t = 0 min, is minimal for the LaCo_SSR

Table 3

OIE results for LaCoO3 samples.
Sample Initial exchange rate (Ve ini)” N¢”

(><1017 at-g’l-s’l) (><1020 at-g’l)

LaCo_SSR 5.8 () 3.3
LaCo_HEBM 28.6 (8.2) 15.8
LaCo_LEBM60 121.3 (17.3) 18.4
LaCo_LEBM360 69.8 (1.9) 16.2

2 corresponding value normalized with SSA in parentheses (at-s~*-m~2);

> number of oxygen atoms exchanged at t = 60 min
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Fig. 7. Oxygen isotopic exchange experiments: (A) 20180, 180160, 1°0'°0 dioxygen partial pressure evolution and (B) number of oxygen atoms exchanged over
time for (a) LaCo_SSR, (b) LaCo_HEBM, (c) LaCo_LEBM60 and (d) LaCo_LEBM360 samples, at a constant temperature of 400 °C.
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sample while being maximal for the LaCo_LEBM60 sample. This increase
is explained by structural and textural properties changes that occur
during both HEBM and LEBM processes, respectively with the formation
of grain boundaries and SSA increase. Despite the low SSA of LaCo_-
HEBM sample (3.5 m?-g™1), the large difference of activity observed for
this sample compared with that measured for the LaCo_SSR sample
confirms that the grain boundaries are the location of very high O
diffusion as reported in [51]. The increase of the SSA favors the con-
centration of portholes for the adsorption of 180, and desorption of
160180 molecules which explains the high Ve in; value for LaCo_LEBM60.
However, LaCo_LEBM360 sample shows a lower initial exchange rate
than LaCo_LEBM60 sample despite having a much higher SSA value
(Table 1). The lower oxygen mobility can be explained by Fe surface
contamination that becomes more significant for extended grinding
times. Royer et al. pointed out the negative effect of iron on oxygen
mobility from LaCo;_yxFesOs materials [51,53]: the higher the iron
contamination, the lower the oxygen exchange rate. Therefore, a lower
oxygen diffusion coefficient through LaFeO3 material compared to the
LaCoOj3 one was also reported by Nitadori et al. [54]. The evolution of
the number of exchanged atoms after 60 min of reaction shows the same
trend as initial exchange rate one but it can be seen that the curves
converge towards the same value for all samples except LaCo_SSR
(Table 3). This indicates that after 60 min of exchange in the recycling
system, the fraction of exchange atoms is mainly dependent on the
crystallite size which is roughly the same for LaCo_HEBM, LaCo_LEBM60
and LaCo_LEBM360 samples and limited to surface and sub-surface
layers.

Isotopic exchange phenomenon is closely dependent to the temper-
ature parameter, thus any direct comparison with literature should be
handle with care. Nonetheless, LaCo_LEBM60 sample exhibits a SSA
normalized initial exchange rate comparable to those obtained at 450 °C
for bulk LaCoO3 materials (Ve ini = 23.0 x10'7 at. s 1.m~2) [55].

3.2. Catalytic performance

Catalytic performances of selected LaCoOg3 samples in the toluene
total oxidation reaction are shown in Fig. 8(A). Toluene conversion into
CO, was plotted as a function of temperature. The only detected prod-
ucts during reaction were CO5 and H20 and the carbon balance was
around 100% along the whole catalytic run (Fig. A3.). Tso values (i.e.
Temperature corresponding to a toluene conversion into CO5 of 50%)
are reported in Table 4. For comparison, Pt/Al,O3 catalyst performance
was also evaluated as a reference (Fig. 8 (A)). As expected the catalytic
activity of 0.5Pt/Al,O3 was higher at low temperatures (160-220 °C)
than that of LaCoOs. However, at higher temperatures (>220 °C), the
LaCoOs catalysts compared favorably with the reference catalyst.
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Table 4

Tso values and kinetics data obtained from light-off curves.
Sample Tso ags’ Ea” Ao corr

“Q (mmols *m~?) (kJ-mol ™) s™H

LaCo_SSR 293 1.85 x 107° 152.7 2.3 x 10
LaCo_HEBM 227 1.73 x 107° 170.1 1.3 x 10'®
LaCo_LEBM60 213 3.24 x 10°° 163.3 3.4 x 10'¢
LaCo_LEBM120 216 8.14 x 107° 154.5 2.7 x 10'°
LaCo_LEBM360 221 3.15x 107 147.6 2.7 x 10'°

# activity determined at T = 215 °C;
b determined in the range X(%) < 20%;
¢ Extrapolated using the Ea average value.

The LaCo_SSR sample shows poor catalytic performances in the
toluene total oxidation reaction with a conversion value of 63% at a
temperature of 300 °C, while the sample ground at high energy
(LaCo_HEBM) performs significantly better with a light-off curve shifted
to the lower temperatures by ~65 °C (Fig. 8(A)). Samples from the low
energy ball milling step (i.e. LaCo_LEBM30-360) show even higher
catalytic activity. However, an extended LEBM grinding time leads to
slightly decreased catalytic activity (e.g. LaCo_LEBM120 and LaCo_-
LEBM360) (Table 4).

Based on their respective intrinsic activity, calculated at a tempera-
ture of 215 °C (a5, Table 4), LaCoO3 samples can be ranked as follow:
LaCo_LEBM60 > LaCo_ HEBM > > LaCo LEBM120 > > LaCo._-
LEBM360 > LaCo_SSR. Interestingly, activity evolution does not follow
SSA increase (Table 1) but shows a similar trend with OIE results and
exchange rate (Table 3).

Fig. 8(B) shows Arrhenius plots for conversion rate (X) lower than
20% to assume the chemical regime and considering a partial order of 1
and 0, respectively for toluene and oxygen [18]. Activation energies (Ea)
extracted from Arrhenius plots are ranging from 147.6 to
170.1 kJ-mol~! (Table 4) which are slightly higher than those obtained
for LaMnOgs ;5 et LaFeOs catalysts in identical conditions (Ea
126-164 kJ-mol™1) [29] or Pecchi et al. La;_xCayBOs3 (B = Fe, Ni) cat-
alysts (Ea = 100-153 kJ-mol~1) [56].

Corrected pre-exponential factors (Ap corr) Were recalculated
considering an average activation energy (Ea) of 159 kJ .mol ! (Table 4)
and its evolution as a function of catalysts SSA values is presented in
Fig. 8(C). In the first part of the curve, the Ag ¢orr increases along with the
SSA values to reach a maximum with the LaCo_LEBM60 sample. For
higher SSA values, Ay corr tends to slightly decrease. This behavior is
mostly explained by two antagonist phenomena which are: (i) the SSA
increase and thus, the active sites number increase; (ii) the surface
enrichment with iron during grinding process, acting as a poisoning
agent. The Fe contamination cannot be ignored since the benefit of the
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Fig. 8. (A) Light-off curves and corresponding (B) Arrhenius plots (X < 20%) and (C) evolution of corrected pre-exponential factors with catalyst surface area,
obtained for the toluene total oxidation reaction over LaCoO3; samples: (a) SSR, (b) HEBM, (c) LEBM60, (d) LEBM120 and (e) LEBM360 and over 0.5Pt/Al,O3
(reference catalyst). Conditions: 200 mg of catalyst, 100 mL-min~* of 1000 ppmv C,Hg in synthetic air (20% O, in Ny).
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SSA increase over A corr is overwhelmed by the impact of increasing Fe
concentration for prolonged grinding time (e.g. LaCo LEBM120 et
LaCo_LEBM360) (Table 1, Fig. 3(C)). In addition, the negative impact of
highly iron contaminated samples in formaldehyde, methane and car-
bon monoxide has been reported [17,28].

Table 5 reports results from the literature for LaCoO3 catalysts
developed for the total oxidation of toluene under catalytic test condi-
tions similar to those used in this work. On the basis of Tsq, it can be
emphasized that the catalytic performance of ball-milled LaCoOs is very
close to those of LaCoOj3 catalysts reported in the literature (Table 5).

Catalyst stability experiments are performed at a constant tempera-
ture of 220 °C, for a duration of 70 h in dry conditions, similar to the
catalytic test ones (Fig. 9). Both catalysts show a rapid deactivation
within the first five hours of the reaction which is explained by their
stabilization in reaction, due most probably to the existence of a tran-
sient period before the quasi-stationary state is reached. The activity of
LaCo_HEBM catalyst is quite stable for the next 65 h, while the activity
of the LaCo_LEBM120 catalyst continues to monotonously decrease. The
LaCo_LEBM120 catalyst was also tested over a longer period (100 h) ata
temperature of 230 °C. As expected, the initial conversion is higher
(82%) compared with the same catalyst tested at 220 °C (65%) (Fig. 9).
As observed at 220 °C, the activity of the LaCo_LEBM120 catalyst
decreased monotonically with time, until a conversion of 70% was
achieved after 100 h of testing. LaCo_HEBM and LaCo_LEBM120 cata-
lysts express comparable activity coefficient agsg values (see experi-
mental section) with respectively 0.70 and 0.69. Used LaCo_LEBM120
catalyst after 70 h of testing does not show any textural, structural nor
surface major modification.

In order to mimic real conditions, catalytic performance of the
LaCo_LEBM120 catalyst for the toluene total oxidation reaction are also
evaluated in wet conditions. Toluene conversion into COy curves are
showed in Fig. 10 for a RH at 20 °C up to 75%. No activity loss is
observed under low relative humidity values (0-25%) while a negative
impact is observed for higher RH values (+50%). Such behavior is
commonly seen in the oxidation reaction of hydrocarbon molecules in
wet conditions [57-61]. This diminution in catalytic activity can be
explained by a water-toluene adsorption competitive mechanism [57].
The following reactional path underlines these adsorption phenomena
(steps (1) and (2)):

H0) + * 2H50 (4as) 3
C7Hg(g) + * 2C7Hg(aas) (C))]
C7Hg(ags) + 902,—TCOx(ugs) + 4H2 0 (ag5) (5)
CO24d5) 2CO0g) + * (6)
H50 a5y 2H20 ) + * )

In addition, the desorption of water molecules (step (5)) is disad-
vantaged in presence of water in gas feed, obstructing the vicinity of
active sites.
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Fig. 9. Stability experiments for LaCo_HEBM and LaCo_LEBM120 samples.
Conditions: 200 mg of catalyst exposed to 1000 ppmv G,Hg in to 100 mL-min "
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Fig. 10. Light-off curves obtained for the toluene total oxidation reaction over
the LaCo_LEBM120 sample in wet conditions. Conditions: 200 mg of catalyst
exposed to 1000 ppmv C;Hg in to 100 mL-min~! of synthetic air (20% O, in N»)
and a relative humidity ranging from 0 to 75% at 20 °C.

Table 5

Literature survey of catalytic oxidation of toluene in the presence of LaCoO3 and in the presence of Pt(0.5%)/Al,03 (Reference) with similar operating conditions of

testing.
Catalysts Studied effect [Toluene] / ppm WHSV Tso Reference

/mLg 'h! /°C

LaCoO3; LEBM120 Ball milling 1000 30,000 216 This work
LaCoO3 Spin states of Co®* 500 60,000 210 [31]
LaCoO3 Acetic acid treatment 1000 60,000 206 [32]
LaCoO3 A-site nonstoichiometric 1000 60,000 212 [33]
0.5Pt/Al,03 Reference 1000 30,000 194 This work
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4. Conclusions

LaCoOg3 perovskites were successfully obtained using a top-down
three steps reactive grinding process, followed by a final 400 °C calci-
nation step for 3 h for thermal stabilization. Physical and chemical
properties of synthesized materials were significantly impacted at each
step of the reactive grinding sequence. The solid-state reaction step
resulted in the formation of well crystallized LaCoO3 perovskite mate-
rial, whereas both high and low energy ball milling steps respectively
achieved a mean crystal size decrease to a nanometric scale (about 11 to
13 nm) and specific surface area improvement (up to 50 m2.g~! before
final calcination). Iron contamination from grinding elements was
detected, the major Fe amount being brought along the LEBM step, and
found to increase linearly with grinding time. In addition, material re-
covery parameters from the LEBM step (i.e. perovskite residence time in
water) could lead to undesirable secondary phases and thus, artificially
high SSA values. Cobalt reducibility was much more modified over the
HEBM step than the LEBM one because of crystals fractioning. Enhanced
oxygen availability along reactive grinding process was evidenced by
oxygen desorption and oxygen isotopic exchange experiments. None-
theless, extended LEBM grinding time resulted a negative impact on
oxygen availability which was correlated with significant iron contam-
ination. Catalytic performances were improved after each step of reac-
tive grinding (SSR < HEBM < LEBM) with a maximum found for a LEBM
grinding time of 60 min, exceeding this value resulted in reduced cat-
alytic performances despite catalysts exhibiting higher specific surface
area values. The addition of water in the stream had no impact over
catalytic activity until a relative humidity of 25% where a drop occurred
above this concentration. During long term stability test, LaCoOs cata-
lysts showed a pronounced deactivation in the early reaction period
(0-5 h) then slowly monotonously decreased.
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