N
N

N

HAL

open science

Reaction of formaldehyde over birnessite catalyst: A
combined XPS and ToF-SIMS study

S. Selvakumar, Nicolas Nuns, Martine Trentesaux, V.S. Batra, Jean-Marc

Giraudon, Jean-Francois Lamonier

» To cite this version:

S. Selvakumar, Nicolas Nuns, Martine Trentesaux, V.S. Batra, Jean-Marc Giraudon, et al..
action of formaldehyde over birnessite catalyst: A combined XPS and ToF-SIMS study.

plied Catalysis B: Environmental, 2018, Applied Catalysis B: Environmental, 223, pp.192-200.
10.1016/j.apcatb.2017.05.029 . hal-03159019

HAL Id: hal-03159019
https://hal.univ-lille.fr /hal-03159019
Submitted on 24 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.univ-lille.fr/hal-03159019
https://hal.archives-ouvertes.fr

Reaction of formaldehyde over birnessite catalyst :
a combined XPS and ToF-SIMS study

S. Selvakumar?, N. Nuns?, M. Trentesaux?, V. S. Batra?, J.-M. Giraudon?, J.-F. Lamonier'*
! Univ. Lille, CNRS, Centrale Lille, ENSCL, Univ. Artois, UMR 8181 — UCCS — Unité de
Catalyse et Chimie du Solide, F-59000 Lille (France)

2 The Energy and Resources Institute (TERI), IHC Complex, Lodi Road, New Delhi 110003
(India)

* jean-francois.lamonier@univ-lillel.fr



mailto:jean-francois.lamonier@univ-lille1.fr

Abstract

Birnessite with very high surface area (>180 m2.g?) has been prepared by oxidation of
Mn(NO3)2 with H20> in KOH solution. The catalytic performance of this free noble metal based
material for the formaldehyde (HCHO) selective conversion into CO: is excellent. Therefore
this birnessite material has been selected for X-ray photoelectron spectroscopy (XPS) analysis
in combination with time-of-flight secondary ion mass spectroscopy (ToF-SIMS) study to
understand the mechanistic interaction between adsorbate and adsorbent. Thermo-desorption
of formaldehyde saturated birnessite has been conducted under argon atmosphere, using a
catalysis cell allowing the monitoring of the birnessite surface modification. XPS study shows
(i) the partial oxidation of formaldehyde at room temperature through the formate species
formation and manganese species reduction and (ii) the generation of carbonate species with
temperature. ToF-SIMS analyses gave more insight in the kind of cations from birnessite
interacting with adsorbed molecules: formate ions interact with manganese and potassium ions
while carbonate ions interact only with potassium ions. Formate oxidation takes place on Mn
ions to give COx(g) species while formate ions readily decompose on K* sites at higher

temperature.

Keywords: Formaldehyde; Birnessite; X-Ray Photoelectron Spectroscopy; Time of Flight

Secondary lon Mass Spectrometry



1. Introduction

Indoor emission of formaldehyde (HCHO) has been subject of recent consideration from many
governments around the world because HCHO impacts adversely the health of people exposed
to this pollutant. The catalytic complete oxidation is regarded as the most promising technology
to convert this molecule into harmless species (H20, CO2) [1]. Supported noble metal based
materials are very efficient for this reaction since formaldehyde can be converted at ambient
temperature [2-6]. Among the noble metals tested (Pt, Pd, Rh, Au), platinum is the most active
phase [7]. In particular titania supported platinum doped with Na is shown as the most
promising catalytic system for the formaldehyde oxidation [5]. However owing to the high price

and limited resources of noble metals, a wide application of these catalysts is highly restricted.

Noble metal free catalysts are proposed to potentially replace noble metal compositions [8].
Bulk and supported transition metal oxides were found to be the low-cost promising materials
for low-temperature formaldehyde oxidation [9-12]. Sekine et al. [13] found that manganese
dioxide (MnQO2) was the most effective transition metal oxides for the formaldehyde catalytic
removal. The nanostructured MnOa/cellulose composites showed excellent catalytic
performance in HCHO oxidation [14]. The obtained pure manganese oxide structure and
morphology in their study greatly influenced the catalytic performance for HCHO oxidation.
Testing different one-dimensional tunnel-type manganese oxide, Chen et al. [15] showed that
cryptomelane structure presents much higher catalytic activity in HCHO oxidation than

pyrolusite and todorokite.

Birnessite-type manganese oxides are also very active for low-temperature oxidation of
formaldehyde [16-21]. Birnessite-type manganese oxides are layered structured materials with
edge-shared MnQOs octahedra forming negatively charged layers, and cations and water
molecules are located between the manganese oxide layers. The general formula is

Ax(Mn** Mn3),04, yH20 where A is H* or metal cation (K*, Na*). A very recent research



showed that room-temperature oxidation of formaldehyde is possible using layered manganese
oxide, i.e. birnessite as active phase [16]. The authors claim that the formaldehyde conversion
was related to the water content in the birnessite. Formate and carbonate species were seen as
intermediate products. Remarkably surface carbonate poisoning was suppressed in humid air
indicating that water likely assists the carbonate transformation into CO.. Studying the effects
of interlayer cations [20] and manganese vacancy [22], Wang et al. highlighted the role of
potassium ions enhancing the activity of surface oxygen and resulting in the continuous and

complete oxidation of HCHO at room temperature.

The synthesis of manganese based materials with novel morphologies and high surface areas
have become an attractive research field. Indeed for the formaldehyde removal at very low
concentrations, a hybrid system combining selective formaldehyde adsorption followed by its
selective destruction through catalytic oxidation can be an attractive alternative to solve the
problem of formaldehyde concentrations at indoor level [23]. The birnessite-type manganese
oxides can be prepared by redox precipitation, sol-gel, and hydrothermal processes. The most
common and the oldest synthesis protocol is based on the oxidation of Mn (I1) by bubbling
gaseous oxygen Oz in strongly basic media. The second synthetic route uses the reduction of
Mn (V1) with several reducing agents such as Mn (1) [24], H20 [25-26], sugars [27], organic
acids [28] or organic solvents [29]. An original route for birnessite preparation has been
proposed by Eren et al. [30] based on the oxidation of Mn(NOz). with H20. in KOH solution.
However the textural properties of birnessite prepared in this condition is not specified by the
authors. In this study we used this synthesis protocol with the objective of reaching a large

specific surface area for birnessite material.

Surface characterization of heterogeneous catalysts is usually done over as-made sample with
the objectives to study the dispersion and the nature of the phases formed as well as the metal-

metal or metal-support interactions. In addition the monitoring of the evolution of various



adsorbed surface species on the catalyst with probe molecules can be useful to identify
intermediate products using a combination XPS-FTIR [31] or XPS-TDS [32-33]. Moreover
ToF-SIMS in combination with XPS has been successfully implemented in order to investigate
the mechanism of catalyst deactivation in oxidation of chlorinated volatile organic compound
as well as the role of water in the performances of a post-plasma catalytic process [34-35]. XPS
analysis allows an easier quantitative approach, while ToF-SIMS analysis gives molecular

information with higher surface sensitivity [36].

In this paper, we have investigated the reaction of formaldehyde over K-birnessite surface using
a spectroscopic multi-technic approach based on a combined XPS and ToF-SIMS analyses. The
paper is devoted to the study of (i) surface composition over K-birnessite after formaldehyde
exposure at 25°C and (ii) surface composition change through the thermo-desorption process.
From this original approach a more complete understanding of the surface chemistry of
formaldehyde on K-birnessite surface is expected. Indeed there is no study reporting clear
evidence of kind of sites involve in the formation and the transformation of intermediates

produced at the surface after formaldehyde adsorption.
2. Experimental methods
2.1. Synthesis of material

Manganese based material was prepared at room temperature by oxidation of Mn(NOz). with
H20. in KOH solution [30]. An aqueous basic solution of H20. was first prepared as follows:
200 mL of KOH (0.6 mol.L™) was mixed with 200 mL of 3% H,0,. This mixture was then
added dropwise to 100 mL of Mn(NOs)2.xH20 solution (0.2 mol.Lt) at room temperature. After
complete precipitation the final reaction mixture was stirred at room temperature for 2 hours
and kept at the same temperature for 24 hours ageing. The final suspension was filtered and

washed with distilled water for several times and dried at 100°C overnight. The above



synthesized material was calcined at different temperature (300°C, 450°C and 600°C) for 3

hours under air flow.

In the following while the catalytic tests were performed with the three calcined samples, the
formaldehyde adsorption and thermo-desorption studies were conducted over the selected

birnessite material, i. e. material calcined at 300°C and labelled KB from here onwards.
2.2. Catalytic activity test

The formaldehyde catalytic oxidation was carried out in a fixed bed continuous flow
microreactor (i.d. 10 mm) loaded with 200 mg of catalyst. Gaseous formaldehyde was generated
from solid paraformaldehyde through a permeation tube placed in a permeation chamber
(Dynacalibrator, VICI Metronics, Inc.) which was maintained at a constant temperature
(100°C). The reaction mixture containing 120 ppm HCOH, 20 vol.% O was balanced by He
(total flow rate =100 mL min). Experiments were conducted by saturating the catalyst with
HCHO at 25°C. Once saturation was complete, the reaction temperature was increased from
room temperature to 200°C using a heating rate of 1°C min™* and the data were collected during
the heating run. The effluent gas from the reactor containing formaldehyde, oxygen and carbon
dioxide was analyzed on-line by a Varian CP 4900 MicroGC chromatograph equipped with a

thermal conductivity detector.
2.3. Adsorption of formaldehyde

The adsorption of HCHO on KB was performed at 25°C by passing the carrier gas (Ar) through
the Dynacalibrator® permeation chamber (100°C). Before the adsorption step, the KB material
was pre-treated with argon at 150°C to remove water and surface impurities. Surface saturation
of the material was followed by mass spectrometry (Omnistar, GSD 301-Pfeiffer). The
birnessite was then purged at 25°C with argon until the physisorbed formaldehyde was removed

(2 hours). The obtained material was labelled as KB-F25.



2.4. Thermo-desorption of formaldehyde saturated birnessite

The formaldehyde saturated birnessite KB-F25 was placed into a catalysis cell connected to a
radial chamber (P = 10°® mbar) allowing the monitoring of the birnessite surface by successively
two surface analysis techniques, X-ray photoelectron spectroscopy (XPS) and time-of-flight
secondary ion mass spectroscopy (ToF-SIMS). The thermo-desorption experiments were
conducted in argon atmosphere (30 mL.min™) using the catalysis cell, from 25°C to 200°C
(2°C.min). The maximum temperature was maintained for 15 min. Before being introduced
into the radial chamber the sample was cooled down to 25°C and degassed to reduce pressure
to 10°° mbar. The solid was labelled KB-FX, where X represents the maximum temperature to

which the solid was heated before spectroscopic analysis.
2.5. X-Ray Photoelectron Spectroscopy (XPS)

XPS experiments were performed using an AXIS Ultra DLD Kratos spectrometer equipped
with @ monochromatized aluminum source (Al Ko = 1486.7 eV) and charge compensation gun.
Adventitious carbon contamination is commonly used as a charge reference for XPS spectra
and all binding energies were referenced by setting the C-C component to a binding energy of
284.5 eV. The XPS photopeaks with multiple components were resolved by a peak-fitting
program assuming a mixed Gaussian (70%) / Lorentzian (30%) peak shape using the software
supplied by CasaXPS. Semi-quantitative analysis accounted for a linear background
subtraction. The evolution of the surface atomic percentage of the birnessite material upon

formaldehyde adsorption and heating is given in Table S1.
2.6. Time of Flight Secondary lon Mass Spectrometry (ToF-SIMS)

ToF-SIMS data were acquired using a ToF-SIMS® spectrometer (ION-TOF GmbH Germany)
equipped with a bismuth liquid metal ion gun (LMIG). The samples were bombarded with

pulsed Bi** primary ion beam (25 keV, 0.25 pA) rastered over a 500 pm x 500 um surface area.



With a data acquisition of 100 s, the total fluence does not amount up to 102 ions/cm? ensuring
static conditions. Charge effects were compensated by means of a 20 eV pulsed electron flood
gun. Data were collected over a mass range m/z = 0-200 for both positive and negative
secondary ions. The fragments were identified by their exact mass, coupled with the appropriate

intensities for the expected isotope pattern.

3. Results and discussion

3.1. Characterization and catalytic performance of Mn containing-material

Table 1 shows the structural and textural properties obtained for the sample calcined at different
temperatures. The birnessite type structure with relative broad diffraction peaks is only
observed for sample calcined at 300°C (Figure S1). For calcination temperature of 450°C the
a-MnO> cryptomelane structure is obtained while at 600°C a mixture containing the cubic
bixbyite structure a-Mn203 and a-MnO- cryptomelane structure is observed (Figure S1). The
average crystallite size (D¢) calculated from the Scherrer equation increases with the calcination
temperature in agreement with the decrease of BET surface area (Sget) and total pore volume

(Vp) and increase of pore diameter (Dp) (Table 1).

Table 1. Textural and structural properties of samples calcined at different temperatures

Calcination Sger v, D, XRD phase D,
Temperature / °C /mz.g' / cm3.g'l /nm /nm

300 184 0.69 14 Kx(Mn*",Mn*"),04 5

450 93 0.62 25 0-MnO> 21

600 42 0.44 44 0-MnO> + 0-Mn2O3 28

The BET surface area of the birnessite (184 m2.g™%) is much higher than those reported by Tian
et al. (145 m2.g™1) [17], Chen et al. (70 m?.g™) [18] and Zhou et al. (95 m?.g™?) [19] for

crystallized K-type birnessite prepared through the reduction of KMnOs. This result



underscores the fact that the oxidation of Mn(NOz). with H202 in KOH solution is a suitable
process for the preparation of material with very high surface area in comparison with those

prepared by reduction of Mn (VII) with other reducing agents.

The different catalysts have been tested in the complete oxidation of formaldehyde. In order to
mimic the formaldehyde adsorption phenomena which will be discussed in the next section,
experiments were conducted by saturating first the catalyst with HCHO vapor at 25°C. The
evolution of formaldehyde and carbon dioxide amounts is shown (Figure 1) as a function of
temperature in the 25-200°C range in the presence of the catalyst previously calcined at 300°C,
450°C or 600°C. Irrespective of the calcination temperature, HCHO desorption occurs between
30°C and 100°C with a maximum value at around 50°C. This value is in good agreement with
that observed by Quiroz et al. over MnOx material during HCHO TPD [10]. Carbon dioxide
formation also takes place in a single broad peak, between 50°C and 130°C, with a maximum
at 100°C for sample calcined at 300°C and at 110°C for samples calcined at 450°C and 600°C.
The quantity of HCHO and CO; released is proportional to the specific surface area of the
material. The highest SSA birnessite material shows the adsorption of formaldehyde in high
quantity at 25°C. It can be suggested that the formation of surface oxidation products such as
formate species [10] which decompose into gaseous CO- takes place since the amount of CO>
is much higher than that expected through the oxidation of 120 ppm of formaldehyde. It is also
observed that, irrespective of the calcination temperature, HCHO is completely converted at
100°C and H20 and CO; are the only products released. Compared with published results,
birnessite material synthesized in this study presents comparable catalytic performances for the
formaldehyde selective conversion into CO2 (HCHO conversion of 100% at 100°C [17]), or

even slightly higher (HCHO conversion of 61% at 100°C [19].
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Figure 1. Evolution of HCHO (straight line) and CO> (dotted line) amounts in function of

temperature for catalyst previously calcined at different temperatures

The preparation of high-specific-surface-area birnessite material can be useful in a two-step

adsorption—oxidation process for the formaldehyde removal at very low concentrations [23].

Therefore the material calcined at 300°C (labelled KB) showing remarkable textural properties

has been selected for XPS - ToF-SIMS analyses to obtain information on the mechanism of

formaldehyde activation and transformation on the birnessite surface.

3.2. Study of formaldehyde reaction by XPS

3.2.1. Formaldehyde adsorption over birnessite material

The reactivity of formaldehyde at 25°C with KB sample was first monitored. Figure 2 depicts

the possible surface species formed from the interaction of HCHO with a surface metal site

(M).
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Figure 2. Possible surface species formed from the formaldehyde interaction

with a surface metal site (M)

Before HCHO adsorption, the as-synthetized birnessite (KB) surface shows three XPS peaks in
the C 1s region at 284.5, 285.5 and 289 eV (Figure 3). The presence of these peaks can be
explained by adventitious carbon contamination and can be more precisely attributed to the

presence of C-C, C-O-C and O-C=0 (carboxylate = Ccg) species, respectively [37].
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Figure 3. C 1s XPS signals obtained for KB and KB-F25 samples

The atomic percentage of carbon at the surface of as-synthetized birnessite corresponds to 3%
(Table S1). After HCHO adsorption onto the birnessite surface at 25°C (KB-F25), this
percentage increases significantly (15%) indicating that carbon species are retained on the
surface (Table S1). The C 1s core level envelope presents an important contribution at BE of
288.2 eV (Cr). This BE value is lower than that observed for carboxylate species (Ccg). The
observed binding energy value at 288.2 eV for KB-F25 is close to that observed for adsorbed
formaldehyde on rutile TiO2 (110) surface [32, 38]. Based on the report of adsorption of HCHO

on rutile TiO2 (110) surface, it can be suggested that formaldehyde is also associatively
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adsorbed on the birnessite surface. However C1s BE should be of the same magnitude for both
formate and formaldehyde species, assuming the molecules are bonded end-on through the
oxygen atom. Since formation of adsorbed formate species is often proposed as a stable
intermediates in the oxidation of formaldehyde [10], the dissociation of formaldehyde into
formate (HCOO") and (H*) species can also occur. Therefore Cg contribution could arise from

both formaldehyde and formate species formation on the birnessite surface.

The partial oxidation of formaldehyde into formate is confirmed by the change in Mn average
oxidation state (AOS). XPS spectra of the core levels of Mn 3s are plotted in Figure 4. Mn3s
photopeak has two multiplet split components due to the coupling of non-ionized 3s electron
with 3d valence-band electrons. The two maxima in the binding energy have been evaluated
fitting two components in Mn 3s envelope using CasaXPS software. The magnitude of peak
splitting (AEs) depends on the Mn AOS value, determined from the correlation between the
binding energies of the doublet separation of Mn 3s (AEs) and the AOS, AOS = 8.956 -
1.13(AEs) as proposed by Galakhov et al. [39]. The value of Mn AOS decreases from 3.8 to 3.0
after HCHO adsorption, showing evidence of the reduction of manganese species. This extent
of Mn reduction can be readily correlated to the oxidation of the adsorbed formaldehyde into

formate species at 25°C.

Before HCHO adsorption, the as-synthetized birnessite (KB) surface shows one main
contribution to O 1s signal at 529 eV which can be unambiguously attributed to lattice oxygen
(Ov) (Figure S2) [40]. Indeed oxygen from metal oxides appears at a significantly lower BE
compared to most other oxygen species. After HCHO adsorption (KB-F25), the appearance of
second photopeak at higher BE, 531.5 eV is observed along with the photopeak observed for
KB sample (Figure S2). This new photopeak (Or) can be assigned to O-C and O=C arising from

adsorbed formate and formaldehyde species.
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K 2p region is composed of a doublet with BE contributions at 292 eV and 294.7 eV which are
respectively assigned to K 2ps;> and K 2py, of potassium lines (Figure S3). These values are in
good agreement with those reported over K-birnessite material by Thenuwara et al. [41]. No

clear modification of the K 2p envelope is seen after HCHO adsorption.

AEs =5.3eV

AEsS=4.6 eV
| ¢ >
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Figure 4. Mn 3s XPS signals obtained for KB and KB-F25 samples
3.2.2. thermo-desorption of formaldehyde saturated birnessite

Figure 5 shows the evolution of the C 1s spectrum in the 286.5-290.5 eV range after treatment

at different temperatures in argon. Up to 100°C, the C1s profile is rather similar with mainly
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one component (Cr) attributed to formate/formaldehyde species. At 125°C the maximum of the
C1s signal is shifted to higher BE due to the decrease of the formate/formaldehyde contribution
and the joint appearance of a second component (Ccg) at higher BE (289.1 eV) attributed to
carbonate species [42]. At 175°C and 200°C, the C 1s signal includes only the carbonate

component at 289.1 eV.

Figure 6 shows the evolution of the intensity of the two carbon components (Cr and Ccg) as a
function of temperature together with the evolution of the average oxidation number of
manganese. The XPS peak intensity has been normalized, dividing the carbon component
intensity by the Mn 2p photopeak intensity. From 50 to 100°C, the Cr component intensity
decrease can be explained by the formaldehyde desorption without Mn AOS value change.
From 100°C to 175°C, the decrease in intensity of Ce component fits well with the decrease in
Mn AON. Consequently the formate species are readily oxidized by oxygen species from the
birnessite. At 200°C the birnessite is probably reduced into Mn3zO4 in accordance with the Mn
AON of 2.6. The oxidation process leads to the formation of carbonates species. However in
order to explain the incomplete carbon balance (Figure 6), it can be suggested that there is

release of gaseous COx species during this process.
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Figure 5. Evolution of the C1s XPS signal (straight lines) and components from curve fitting

(dotted lines) as a function of temperature treatment from 25°C to 200°C
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Figure 6. Evolution of the XPS carbon component intensities (Cr and Ccg)

and Mn average oxidation number as a function of temperature
Alkali metal carbonates are easily formed on oxide surfaces [42]. Therefore the formation of
K2COs3 can be proposed owing to the presence of K* ions located between the manganese oxide
layers in the birnessite structure. In order to assess this assumption, a curve fitting of the K 2p
line into two components has been done for KB-F125, KB-F150 and KB-F175 samples. The
results of K 2p spectra curve fitting are shown in Figure 7 and Table 2. The K 2pz» BE at 292.4
eV (Ko) is assigned to potassium species residing between the Mn based sheets [43], while the
K 2ps2 component at higher BE (293.1-293.3 eV) arises from potassium with carbonate
surrounding (Kcg). The Kcs/Ccg atomic ratio is close to 2, in very good agreement with the
formation of K>COs species on the surface detected from 125°C as seen onwards (Table 2). The

formation of carbonates species is not obvious from the O 1s spectrum because of the



18

superposition of the oxygen components coming from the formate and the carboxylate species.
Nevertheless for KB-F175 sample, the O 1s component at high BE is shifted to lower value (-
0.5 eV) in comparison with that observed for KB-F samples heated at lower temperature. This
could be explained by the disappearance of formate species and the exclusive presence of

carbonates at 175°C.

------ Ko component
K2py, ====== Kcg component

289.00 292.00 295.00 298.00
Binding energy / eV

Figure 7. K 2p XPS signal obtained for KB-F125, KB-F150, KB-F175 samples (straight
lines) and components from curve fitting (dotted lines) as a function of temperature treatment

from 125°C to 175°C



19

Table 2. Binding energy (BE) and Full width at half maximum (FWHM)
of the different components issue from the C 1s and K 2pz. curve fitting and Kcs/Ccg atomic

ratio as a function of temperature treatment

Cls K 2psp2 Atomic
sample BE (eV) FWHM (eV) BE (eV) FWHM (eV) ratio
Cee | Cr | Ccs Cr Kcs Ko Kcs Ko Kce/Ccs
KB 289 - - 292.3 - 1.4 -
KB-F25 - 288.3 1.3 - 292.3 - 1.4 -
KB-F50 - 288.3 1.3 - 292.3 - 1.4 -
KB-F75 - 288.5 1.3 - 292.4 - 1.5 -
KB-F100 - 288.5 1.3 - 292.4 - 1.5 -
KB-F125 |289.1|288.6| 1.2 1.1 | 2931 | 2924 1.7 1.3 2.0
KB-F150 |289.1|2885| 1.2 1.1 | 2932 | 2924 1.8 1.3 2.3
KB-F175 | 289.1 - 1.1 293.1 | 2925 1.8 14 2.3
KB-F200 | 289.1 - 1.1 293.3 | 2925 1.7 1.5 2.0

3.3. Study of formaldehyde reaction by ToF-SIMS

3.3.1. Formaldehyde adsorption over birnessite material

ToF-SIMS is able, unlike XPS, to give molecular information about interface through the
detection of molecular ions including elements of adsorbent (birnessite) and molecule(s) of
adsorbate (formaldehyde/formate). The high mass resolution provided by ToF-SIMS analysis
allowed successful discrimination of very close m/z values. For example the mass separation
of Mn* (m/z = 54.938) and OK* (m/z = 54.959) ions has been possible (Figure S4). The use of

isotopic patterns for the potassium (¥K and K with respective abundance of 93% and 7%)
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reinforced the ion assignment. Characteristic secondary ions from birnessite (KB) were
assigned and reported in Table S2. Secondary ions relative to potassium are only detected in
positive mode while Mn fragment ions are detected in both polarities. Secondary ions
containing both K and Mn cations are not detected in the m/z range studied. Figures 8 and 9
show the negative and positive ToF-SIMS spectra obtained before and after HCHO adsorption
on the as-synthetized birnessite surface. For the as-made sample (KB) beyond m/z = 50 in the
negative and positive spectra the following most intense peaks are observed (ion, m/z value):
MnOy", 86.9; MnOs’, 102.9; Mn2047, 173.9, Mn*, 54.9; MnO*, 70.9; MnOH?*, 71.9; K0, 93.9;
KoOH*, 94.9; K20,%, 109.9. The ToF-SIMS spectra obtained for KB-F25 sample exhibit
additional peaks. In the negative ToF-SIMS spectrum the following characteristic peaks (ion,
m/z value) are found: CHO2’, 45.0; MnCH302’, 101.9; MnCH303, 117.9, MnC2H3047, 145.9;
MnC3HsOe7, 189.9. The most intense peak at 45 m/z is assigned to the presence of formate
species, in agreement with XPS results. Interestingly, the ToF-SIMS study shows evidence of
formate interaction with Mn, since MnCH,O; fragment ions are clearly detected. In the positive
spectrum, the following characteristic peaks (ion, m/z value) are found: Kz*, 77.9; KoH*, 78.9;
K2CHO>", 123.9. The important increase in K>* and KoH" ions intensity could arise from the
presence of KoCOs [44] after formaldehyde adsorption. This interpretation is supported by the
detection of other positive ion fragments in the 175-180 m/z range assigned to K3sCOs" isotopic

pattern (Figure S5).
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Figure 8. Negative ToF-SIMS spectra of (a) KB and (b) KB-F25 samples

Furthermore, the presence of K;CHO,* fragment ions in the range 120-130 m/z of positive ToF-
SIMS spectrum highlights the formate interaction with K. The formation of K;CHO," fragment
ions may be the result from the migration of surface formate species from Mn to K site at the

birnessite surface.
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Figure 9. Positive ToF-SIMS spectra of (a) KB and (b) KB-F25 samples

3.3.2. Thermo-desorption of formaldehyde saturated birnessite

Figure 10 shows the evolution of the intensity of MNnCH3z02" (m/z = 101.9), KzCOs" (m/z =
176.9) and K:CHO>" (m/z = 122.9) fragments with temperature. These secondary ions have the
highest m/z among the detected fragments and are representative of one particular species. The
intensity of the MnCH305" ion fragment is stable up to 100°C while at 125°C a strong intensity
decrease is observed. This result agrees well both with the Mn AON and Cr intensity decreases
observed by XPS, the formate species being oxidized on Mn into COx(g). While no MnxCOy

fragment is detected by ToF-SIMS analysis, a new fragment KzCOs" appears starting from
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125°C. This result tends to show carbonate formation at the birnessite surface, suggesting that
part of gaseous COX reacts at the vicinity of potassium species. Moreover a temperature offset
related to formate species transformation onto potassium is clearly seen as the intensity of
K>CHO," starts to decrease at higher temperature (150°C). In the absence of possible redox

mechanism with potassium site, a thermal decomposition of these species could be proposed.

- o —k— K3CO3+
1 —e— MNCH,0,

Normalized Intensity

25 50 75 100 125 150 175 200
Temperature (°C)

Figure 10. Evolution of the intensity of MnCH30;", K.,CHO,"

and KzCOs™ fragments with temperature.

4. Conclusions
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In summary, this spectroscopic multi-technic approach allows better insight into the
adsorption/oxidation steps of formaldehyde and into the thermo-desorption of intermediate
products in interaction with the K-birnessite. After formaldehyde adsorption/oxidation at 25°C,
formate species were observed at the surface as main products of formaldehyde oxidation. The
value of Mn average oxidation number (AON) decreases from 3.8 to 3 after formaldehyde
exposure at ambient temperature. While XPS spectroscopy is able to show evidence of formate
interaction with Mn species, ToF-SIMS analysis allows the conclusion that formate species are
also present on K sites. Different reactivity of formate species has been shown depending on
the type of adsorption site. On Mn site, formate species are converted into gaseous COx and the
Mn AON decreases from 3 to 2.6 according to the transformation of birnessite into Mn3O4. The
potassium sites are favorable to the carbonate formation and the transformation of formate
species in interaction with K takes place at higher temperature through probably a thermal

decomposition.
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