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The structural, spectroscopic and electronic properties of Na and K birnessites were investigated from
ambient conditions (bira) to complete dehydration, and the involved mechanisms were scrutinized.
Density Functional Theory (DFT) simulations were employed to derive structural models for lamellar
Ap33MN0O,»-xH,O (A = Na* or K*, x = 0 or 0.66), subsequently compared with the experimental results
obtained for Nag 30Mn0O5,-0.75H,0 and Kg 2,MnO,-0.77H,O materials. Thermal analysis (TGA-DSC), X-ray
diffraction (XRD), Fourier Transform Infrared (FTIR) spectroscopy, and Near Ambient Pressure X-ray
(NAP-XPS) measurements were conducted for both birnessites.
Dehydration under vacuum, annealing, or controlled relative humidity were considered. Results indicated

Photoemission Spectroscopy

that complete birnessite dehydration was a two-stage process. In the first stage, water removal from the
interlayer of fully hydrated birnessite (bira) down to a molar H,O/A ratio of ~2 (birg) led to the progressive
shrinkage of the interlayer distance (3% for Na birnessite, 1% for K birnessite). In the second stage, water-
free (birc) domains with a shorter interlayer distance (20% for Na birnessite, 10% for K birnessite) appeared
and coexisted with birg domains. Then, birg was essentially transformed into birc when complete de-
hydration was achieved. The vibrational properties of bira were consistent with strong intermolecular
interactions among water molecules, whereas partially dehydrated birnessite (birg) showed a distinct
feature, with 3 (for Na-bir) and 2 (for K-bir) vibrations that were reproduced by DFT calculations for orga-
nized water into the interlayer (x = 0.66). The study also demonstrated that the electronic structure of Na
birnessite depends on the interlayer water content. The external Na™ electronic level (Na 2p) was slightly
destabilized (+0.3 eV binding energy) under near ambient conditions (bira) compared to drier conditions
(birg and birc).
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Birnessite is a lamellar oxide with a structure that can
exhibit triclinic or hexagonal symmetries. The layers consist of

Introduction

Birnessite stands out as one of the most abundant manganese
oxides in the environment.! It is prevalent in soils, sediments,
oceanic nodules, and desert varnishes. The reactivity> * of this
mineral plays a crucial role in controlling the chemistry of
both water and soil, and it is suspected to be involved in bio-
geochemical cycles, such as those of nitrogen® and iron.°
Additionally, birnessite is under investigation for its appli-
cations in energy storage’ and dihydrogen production.®
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MnOg octahedra with a negative charge dependent on the rela-
tive proportions of Mn(wv), Mn(m), and Mn(u), as well as the
presence of vacancies. Cations (Na*, K*, Cs*, Ca**, Pb*>", HO;")
in the interlayer space compensate for the layers’ charge, and
their hydration can vary with temperature and water pressure
conditions.

Water content significantly influences birnessite’s struc-
tural stability’ and its properties for various applications.®
The interlayer is filled with one or two monolayers of water in
addition to the cations, resulting in a variation in the interlayer
distance from about 7 A to 10 A."' In the latter case, the
material is designated as buserite, and its dehydration under
ambient conditions leads to the formation of birnessite.
Recent experimental research has indicated that this trans-
formation is not reversible at room temperature (RT) in the
presence of water vapor up to the water dew point.'> The
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hydration of birnessite and the organization of water within
this mineral are subjects of ongoing dynamic research. Three
water configurations in birnessite’s interlayer space are com-
monly considered: type I, where H,O forms two hydrogen
bonds with two adjacent layers; type II, where H,O forms two
hydrogen bonds with the same layer; and type III, where H,O
forms one intermolecular hydrogen bond and one hydrogen
bond with a layer.””” Molecular dynamics simulations have
shown that water organization varies with water quantity and
the nature of cations in the interlayer space, affecting ion
exchange mechanisms.” Simulations also predict birnessite
samples to exhibit geometric water frustration, facilitating
redox catalysis by lowering the Marcus reorganization energy
of electron transfer.® Finally, the capacitive behavior of birnes-
site originates from the intercalation of cations into a hydrated
interlayer, wherein the existence of structural water results in
an expanded separation between the cation and the oxide."
Beyond the phenomena occurring within the layers, water
adsorption on basal surfaces becomes significant for relative
humidity (RH) of a small percentage, leading to the formation
of water films on the external surfaces of crystallites."?

Complete dehydration of birnessites can be achieved
through thermal treatments (>100 °C), accompanied by a
reduction in the interlayer distance to ~5 A.®**7 At higher
temperatures (>300 °C), oxygen atom departure leads to the
transformation of this lamellar phase into tunnel phases."”
However, the process leading to dehydrated birnessite remains
poorly understood. Evolution of the interlayer distance of bir-
nessite obtained under acidic conditions was tracked by X-ray
diffraction for RH in the range of 0-98% (at RT). Nevertheless,
a distance of 6.9 A measured at RH = 0% suggests incomplete
dehydration." Infrared spectroscopy measurements on birnes-
sites heated in the range of 25-140 °C indicated that the
solid’s dehydration temperature is directly related to the
hydration energy of interlayer cations.'*'®

This work aims to detail the mechanisms leading to the
complete dehydration of Na and K birnessites. Both sodic and
potassic triclinic birnessites (Na-bir and K-bir, respectively)
were prepared under ambient conditions and their chemical
compositions were determined by elemental and thermal ana-
lyses. Their structures were characterized by X-ray diffraction
(XRD) during their progressive drying under vacuum and/or
thermal treatment. Fourier transform infrared (FTIR) spec-
troscopy measurements were conducted to probe the water
structure and cation environment during this process. To deci-
pher experimental results, Density Functional Theory (DFT)
simulations were utilized to generate models of birnessites:
Ao33sMnO,xH,0 (A = Na' or K, x = 0 or 0.66). Despite
the prior molecular dynamics studies on hydrated
birnessites”’®'>!° as well as one DFT study of hydrated birnes-
site,’® a comprehensive description of hydrated or water-free
birnessite at the DFT level of theory is still missing. Lastly,
special attention was given to the evolution of the electronic
structure of Na-bir. X-ray photoemission spectroscopy (XPS) is
the primary method for characterizing the electronic structure
of materials, but it has long been limited to studying materials

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

under ultra-high vacuum (UHV) conditions, where they are de-
hydrated. Recent experimental developments now allow the
probing of samples under environmental conditions, enabling
the study of clay hydration.>**" To the best of our knowledge,
Near Ambient Pressure XPS (NAP-XPS) experiments on birnes-
site under water vapor are reported here for the first time for
Na-bir in the RH range of 0-31%.

The results of thermal, structural, and spectroscopic ana-
lyses evidence that birnessite prepared under ambient con-
ditions (RH ~ 50%) undergoes dehydration in two successive
stages. In the first stage, the gradual loss of water from the
interlayer space results in a material where each cation is
hydrated by two water molecules. The second stage abruptly
leads to the complete dehydration of birnessite.

Materials and methods
Chemicals

All chemicals were purchased from Sigma-Aldrich. Manganese
(un) chloride tetrahydrate (MnCl,-4H,0, ACS reagent, >98%)
was used as the Mn>" supplier, sodium permanganate mono-
hydrate (NaMnO,-H,0, ACS reagent, >97%) or potassium per-
manganate (KMnO,, ACS reagent, >99.0%) was used as the
MnO,” supplier and sodium hydroxide (NaOH, BioXtra, >98%,
pellets anhydrous) or potassium hydroxide (KOH, ACS reagent,
>85%, pellets) was used to provide the alkaline medium.
Double distilled water (DDW, 18.2 MQ cm) was used for all the
experiments.

Synthesis of birnessite

The triclinic sodic birnessite was obtained following the alka-
line method of synthesis proposed by Boumaiza et al.®* in
which 125 mL of NaOH (8.8 mol L") is added dropwise for
2 h to a mixture of 250 mL of NaMnO, (or KMnO,, 0.1 mol
L™") and 125 mL of MnCl, (0.6 mol L™"). The mixture is then
kept under stirring for an additional 30 min, aged at 60 °C for
14 h, washed until the supernatant pH is 9-10 and dried at
60 °C for 16 h. The triclinic potassic birnessite was obtained
by following the same method,** using KOH and KMnO,.

Birnessite characterization

ICP-MS. The total contents of Mn and the alkaline metal in
birnessite were determined using Inductively Coupled Plasma
Mass Spectrometry (ICP-MS, Agilent 7800) after complete
digestion of about 200 mg of birnessite using 1.3 g of
FeSO,-7H,0 in 37% HCI (25 mL).

DFT simulations. The structure and the vibrational pro-
perties of birnessite have been calculated in DFT with the
CRYSTAL17 code®*?* using the B3LYP-D3 functional,>?®
including a semi-empirical correction scheme for dispersion,*’
coupled with the pob-DZVP-rev2 Gaussian basis set.*® The five
truncation criteria of the Coulomb and exchange infinite
lattice series have been set to 8, 8, 8, 8 and 16. The conver-
gence threshold on energy has been fixed at 10~ Ha for geo-
metry optimization and at 10~'° Ha for frequency calculations.
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Integration is made through a pruned grid with 75 radial and
974 angular points (default values in CRYSTAL 17). Reciprocal
space sampling is based on a regular Pack-Monkhorst sublat-
tice grid centred at the I" point. A shrinking IS factor of 6 has
been chosen leading to a sampling of 112 k points in the irre-
ducible part of the Brillouin zone. Both atomic positions and
crystal parameters have been optimized. The calculation of
vibrational frequencies at the I' point has been performed
within the harmonic approximation. IR intensities have been
calculated though the Berry phase approach.

The system studied can be modelled using the global
formula Ag 33 [Mng 6 "Mng 35>70,]%**” xH,O (A = Na, K; x = 0,
0.66), which crystallizes in a triclinic cell (@ # b # c; a # f # 7).
Since partial occupations are not possible in quantum calcu-
lations, a bigger system must be constructed. The smallest
supercell that could be constructed without partial occupation
is three times bigger and corresponds to the global formula
A Mn,*"Mn;**06]” yH,O (y = 0, 2). Drits et al.>**° proposed a
vacancy free model for synthetic Na birnessite. In this model,
the experimental data are explained by a regular distribution
of the metallic cations in the layers, with Mn** forming rows
of distorted octahedra, separated by rows of Mn*" octahedra.
This regular distribution of species in the sheets induces a
regular distribution of the species in the interlayer domain as
well. The smallest supercell able to model this distribution is a
single layer triple cell of dimension (3a x b X c), where 3d
defines the periodicity of the Mn®* rows and b is the direction
colinear to these rows. But in this system, there is only one
independent alkali metal cation enforcing the perfect align-
ment of the cation in the interlayer domain. To allow A™-A"
relaxation and a more realistic organization of the water mole-
cules around the cations, a bigger system is necessary. For this
reason, the modelled system corresponds to a supercell of
dimension (3a x 2b x ¢), which is 6 times bigger than the orig-
inal triclinic cell.

TGA-DSC. Thermogravimetric analysis (TGA) and differential
scanning calorimetric (DSC) measurements were performed
using a Mettler Toledo TGA/DSC 3+ equipped with an alumina
crucible. Samples of a total weight ~10 mg were analyzed
under a nitrogen atmosphere (50 mL min~') in the tempera-
ture range of 25-400 °C with a heating rate of 5 °C min™".

XRD. XRD was performed by using a Panalytical X'Pert Pro
diffractometer and an X’Celerator as a detector. Data collec-
tions were carried out using 0.02 rad Soller slits, programma-
ble divergence and antiscatter slits. The XRD patterns were
recorded using the monochromatized Ky line (1 = 1.5406 A)
using a Cu anode X-ray tube and a Ge(111) monochromator.
Measurements were performed in air at RT as well as under
vacuum (0.01 mbar) at temperatures up to 200 °C, using a
TTK450 chamber from Anton Paar.

FTIR. FTIR spectra in the mid-infrared region were collected
for birnessite thin films with a Bruker Vertex 70v vacuum
(about 0.01 mbar) spectrometer (KBr beamsplitter, 4 cm™*
resolution) in transmission mode at RT. The thin films were
prepared by making slurries of the Mn oxide in ethanol that
were deposited on Si wafer and dried at RT in air.
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FTIR spectra in the far infrared region were collected on bir-
nessite with a Thermo Nicolet 8700 spectrometer, equipped
with a silicon beamsplitter and a DTGS-PE detector with a
4 cm™' resolution. Each spectrum corresponds to 1 min
accumulation. Measurements were performed at RT in trans-
mission mode on birnessite thin films that were prepared by
making slurries of the Mn oxide in water deposited on a poly-
ethylene window and dried at RT. Measurements were per-
formed in air and under vacuum (down to 10> mbar).

NAP-XPS. NAP-XPS measurements were performed at the
TEMPO beamline of the synchrotron SOLEIL with a station
built by SPECS (Phoibos 150-NAP electron analyzer). Details on
the TEMPO beamline can be found elsewhere.”* The beamline
and the analyzer are protected from the high pressure
(<20 mbar) of the analysis chamber by differential pumping.
The sample holder is mounted on a vertical manipulator, and
the analyzer axis is perpendicular to the sample surface. The
windowless beam entrance axis makes an angle of 54° with the
analyzer axis, while the polarization is horizontal. The sample
surface was brought to the NAP-XPS nozzle aperture (of dia-
meter 0.3 mm) at a short distance of ~1 mm to minimize the
photoelectron inelastic scattering in the gas phase. Spectra
were obtained with a photon energy of 420 or 1100 eV, a pass
energy of 50 eV and a slit of 7 mm x 20 mm, corresponding to
an analyzer resolution of 200 meV leading to a total spectral
resolution (i.e., electron spectrometer and beamline) of
225 meV.

Na-bir hydration was carried out in the NAP-XPS reaction/
analysis chamber. The sample temperature was regulated from
1 to 20 °C using a Peltier cooler. Water vapor (double-distilled
water (DDW, 18.2 MQ cm) purified by about 10 pump and
thaw cycles) is introduced via leak valves into the analysis/reac-
tion chamber. The chamber is itself pumped out via the differ-
ential pumping of the analyzer nozzle and the windowless
beamline entrance (for more details, see ref. 32). Varying the
opening of the leak valve allows to get the desired pressure.
NAP-XPS measurements were performed at least 10 min after
the pressure steady state was reached.

Na-bir was deposited from water suspension on a gold
coated silicon substrate. Because of its low electrical conduc-
tivity, Na-bir charges positively under X-ray photon irradiation.
According to the procedure detailed in ref. 21, the gold sub-
strate was biased positively (+30 V) with respect to the analyzer
in order to attract more efficiently negatively charged species
and hence reduce charging more efficiently. One should also
note that biasing the sample positively washes out the gas
phase core level contribution in the NAP-XPS spectra.”’ To
avoid material alteration under irradiation, each NAP-XPS
spectrum was acquired on a different spot (see the ESI{). In all
cases, the photoemission spectra were referenced using the C
1s peak of hydrocarbon contamination set at 284.6 eV. For all
XPS spectra, a Shirley background was subtracted from the
photoemission peaks.

NAP-XPS measurements were performed on the Na-bir
sample at 293 K under UHV, 0.1 or 2 mbar of water (RH =
0.0%, 0.4% or 9%, respectively; Psat(293 K) = 23 mbar).

This journal is © The Royal Society of Chemistry 2024
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Finally, measurements were performed at a high RH of 31%
(274 K and 2 mbar of water, P,(274 K) = 6.4 mbar).

Results and discussion
DFT simulation

Hydrated birnessite. The main crystal structure parameters
calculated for birnessite intercalating Na® and K', with
different water contents, are gathered in Table 1. For all
studied compounds, the difference between a and b para-
meters is due to the Jahn-Teller distortion of Mn(ur)O, octahe-
dra, where Mn-O bond distances along the Mn(i) chains (in
the b direction) are shortened, while those in the perpendicu-
lar direction are lengthened. This effect is particularly impor-
tant in the model, since it describes a perfectly ordered situ-
ation where Mn(u)Os octahedra are infinitely aligned.
Nonetheless, this model reveals the influence of the alkali
metal cation on the sheet. The difference between a and b
crystal parameters is larger for Na* than for K*, which can be
explained by the larger polarizing effect of Na'.

The distribution of the interlayer species with respect to the
sheet as well as the local environment of the interlayer cations
are shown in Fig. 1a and b for Na-bir 2H,O and K-bir 2H,0.
Both hydrated compounds show an interlayer distance (dgo1,
Mn plane to Mn plane distance) close to 6.9 A, while the
Shannon diameters of Na' and K' are significantly different
(2.04 A and 2.76 A respectively). Interestingly, the calculated
Olayer—A" distances (2.42 A and 2.71 A for Na-bir and K-bir,
respectively) are slightly longer than expected from Shannon
radii (2.32 A and 2.68 A, respectively). It appears therefore that
the interlayer spacing in hydrated birnessites is not driven by
cation sizes. The water content as well as sheet-sheet repulsion
and sheet-cation attraction should play a major role in control-
ling the value of dyy. For both compounds, alkali metal
cations and water molecules form alternating chains parallel
to the b direction. Interlayer cations are not directly on top of
the Mn(ur)O4 octahedra, but instead they balance the negative
charges of the sheet by forming chains of positive charges in
between the negative charge chains. Both cations possess a
coordination number of 6: they are solvated by 4 water mole-
cules (at roughly 2.40 A and 2.75 A for Na' and K', respectively)
and they interact preferentially with two of the layer’s oxygen
atoms. For both systems, the plane formed by the water mole-
cules is exactly in the middle of the interlayer domain. This is

Table 1 Crystal structure parameters calculated for a triclinic cell
whose content is Ag 331 [Mng g6 Mng 33°70,]%33"-xH,0 (A = Na, K; x = 0,
0.66). Distances are given in A and angles in °, and doo; is the interlayer
distance, calculated as the distance between Mn planes

a b ¢ a p 14 doo1
Na-bir 2H,0 2.936 2.874 7.040 92.0 101.1 119.3 6.880
Na-bir OH,0 2.921 2.831 5.672 89.7 102.5 119.0 5.470
K-bir 2H,0 2.928 2.881 7.231 90.8 103.6 119.2 6.980
K-bir 0H,O 2.925 2.833 6.459 90.0 100.2 119.0 6.290
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again an argument for the control of the interlayer distance by
the water molecules, the two hydrogen bonds with the layer’s
oxygens (1.8-1.9 A) fixing the span, while the cation moves
towards one layer to maximize the coulombic interaction.

Dehydrated birnessite. The structure of the two systems pre-
viously described has been reoptimized after the removal of
the water molecules to simulate a complete dehydration. The
principal consequence observed on the crystal parameters
reported in Table 1 is a contraction of dyo;. This contraction is
twice larger for Na-bir than for K-bir (1.41 A vs. 0.69 A, respect-
ively), reflecting the fact that the interlayer spacing is now con-
trolled by the cation’s nature.

The distribution of the interlayer species with respect to the
sheet as well as the local environment of the interlayer cations
is shown in Fig. 1c and d for Na-bir 0H,O and K-bir 0H,O,
respectively. For both dehydrated compounds, the distribution
of interlayer cations is modified: the cation chains in hydrated
materials are replaced by a more uniform distribution, in
which the two non-equivalent cations have a distinct local
environment. One of them occupies a prismatic site directly
over a Mn(m)Og octahedron, while the second cation occupies
a prismatic site formed only by Mn(v)Os octahedra. In all
cases, the cations do not occupy the center of the site (as
shown by the dispersion of the A™-O distances), but this devi-
ation is more sensible for sites involving Mn(v)Os octahedra
and also more sensible for Na' than K' (probably due to the
size difference between the two cations). This deviation from
an ideal case can also be seen through the dispersion of the
cation-cation distances along the @ direction (4.37 A and
4.56 A for Na-bir, when it is 4.45 A and 4.46 A for K-bir).

Finally, for both Na* and K', the interlayer cations form a
plane at an equal distance from each sheet, meaning that in a
dehydrated system, the structure of the material is controlled
by the balance between sheet-sheet repulsion and sheet-
cation attraction.

ICP-MS and TGA-DSC. The composition of birnessite
samples was determined by ICP-MS (Table 2). The Na/Mn
atomic ratio is close to one-third for Na-bir, as expected for bir-
nessite with an average Mn oxidation state of 3.66 (i.e., Mn(wv)/
Mn(u1) = 2).>* K-bir presents a lower K/Mn atomic ratio (0.22 +
0.02), suggesting an average Mn oxidation state of ~3.8. TGA
measurements on birnessites indicate a mass loss close to 13
+ 1% at 300 °C for both Na-bir and K-bir. Assigning these
losses to material dehydration yields a molar ratio H,O/A (A =
Na or K) of 2.5 + 0.3 for Na-bir and 3.5 + 0.3 for K-bir. The com-
position of Na-bir and K-bir derived from ICP-MS and TGA
results is given in Table 2. For temperatures above 300 °C, the
materials’ mass loss slightly increases. This endothermic
phenomenon can be attributed to oxide reduction (oxygen
loss), the formation of new phases'” and/or dehydroxylation of
birnessite defects (see FTIR results).

The mass loss of Na-bir and K-bir under dynamic con-
ditions (annealing under an N, flow) involves two stages. The
mass of Na-bir decreases with temperature above RT, showing
a subtle first leap at 73 °C and a more pronounced second one
at 118 °C. These distinct endothermic events are clearly

Dalton Trans., 2024, 53, 9952-9963 | 9955
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Fig. 1 Left: the local environment of Na* or K* in Na-bir or K-bir (only the shortest distances are reported). Right: distribution of the interlayer
species relative to the sheet. (a) Na-bir 2H,0, (b) K-bir 2H,0, (c) Na-bir OH,O and (d) K-bir OH,O. All distances are given in A. Dark and light violet
octahedra correspond to Mn(i)Og and Mn(iv)Og, respectively; Na* ions are in orange, K* ions are in brown and water molecules are in light blue.

Table 2 Chemical composition of Na-bir and K-bir derived from ICP-MS and TGA measurements. A = Na or K. W%(X): the weight fraction of X in

the solid. n(X)/n(Y): the X/Y molar ratio

%W(A) %W(Mn) n(A)/n(Mn) %W(H,0) n(H,0)/n(A) Formula
Na-bir 6.7 £0.1 54 +3% 0.30 + 0.02 13 +1% 2.5+£0.3 Nay 30Mn0O,-0.75H,0
K-bir 8.2 +0.1 54 +3% 0.22 £ 0.02 13 £1% 3.5+0.3 Ky.22Mn0O,-0.77H,0

observed in heat flow measurements (see Fig. 2). Similarly, the
mass of K-bir gradually decreases with temperature above RT
and exhibits a marked leap at 141 °C. It seems reasonable to

9956 | Dalton Trans., 2024, 53, 9952-9963

attribute these mass losses to two types of water molecules in
Na-bir and K-bir. Then, both types would appear more strongly
bound to the K-bir solid than to the Na-bir one. From our
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Fig. 2 Thermal analysis (DSC (top) and TGA (bottom)) of Na-bir (black
line) and K-bir (grey line). Dashed lines are only guide to the eye.

dynamic thermogravimetric measurements, the remaining
water content at the end of the first stage (90 °C for Na-bir and
105 °C for K-bir) can be tentatively derived. It comes that the
first stage ends when Na-bir (K-bir) has lost 3.7 + 0.1% (5.8 +
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0.1%, respectively) of its mass, i.e. when the n(H,0)/n(A) molar
ratio is close to 2 (1.8 + 0.4 and 1.9 + 0.5, respectively). Then,
the second stage corresponds to the loss of two H,O molecules
strongly bonded to an interlayer cation.

XRD. Fig. 3 (left) displays the X-ray diffractograms of Na-bir
obtained at RT successively in air, under vacuum
(~0.01 mbar), and after returning to air. The most significant
evolution in these diffractograms corresponds to the shift of
the (001) peak at high angles (from 12.43° to 15.54°) during
the vacuum treatment, which returns to its initial position
upon exposure to air. As described in previous
studies,">*>773 the dehydration of Na-bir results in a contrac-
tion of the interlayer distance. Rehydration in air allows the
recovery of the initial material, albeit with a loss of crystallinity
(weakening of the (001) peak intensity and broadening of the
(001) peak: full width at half maximum evolves from 0.17° to
0.56°).

The evolution of the diffractograms during vacuum treat-
ment is particularly informative (see Fig. 3, right). In the initial
stage, the (001) peak gradually shifts by +0.31°, indicating that
the water loss is accompanied by a reduction of the interfoliar
distance dog; from 7.11 A to 6.94 A. In the second stage, the
intensity of the peak at 12.7° decreases, while a new peak
appears at ~15°. The simultaneous presence of these two diffr-
action peaks suggests the coexistence of two types of domains:
hydrated and dehydrated. The first stage involves a 3%
decrease in dyo;, while the second stage leads to a total con-
traction of 20%. Finally, when birnessite is exposed to air
again, the (001) peak returns to its initial position within a few
minutes, indicating that rehydration is facile under these
conditions.

Na-bir
— air @RT
0.01 mbar @RT
— back to air @RT
— air @RT
vacuum @RT:
r T T T T T T 1 10 min — 155 min
1 12 13 14 15 16 17 18 15 min —— 400min
20 (Cu K —— 45 min —— >8 h (0.01 mbar)
%O ( ) —— 105 min

Intensity (arb. unit)

Back to air @RT:
— O min

5 min

104 min
—>8h

S

¥ '\1‘3 Db INAH A e S A VASoMAReA 4
X J

10 20 30 35 40 45 50 55 60 65
26 (CuK,,)

J TT TTr T T [ rrrr[rrrr TT T T L
T I I I I 1

12 13 14 15 16 17
20 (CuK,,)

Fig. 3 Successive XRD patterns of Na-bir under air, vacuum (0.01 mbar) and back to air (left) at RT. Successive low angle range XRD patterns of Na-

bir for increasing pumping times (right) at RT.
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It is worth noting that after more than 8 hours at
0.01 mbar, the Na-bir diffractogram exhibits a weak com-
ponent at 12.9° (6.9 A), suggesting the residual presence of
hydrated domains. To force dehydration, diffractograms were
measured for a sample held under vacuum at increasing temp-
eratures of up to 200 °C (see Fig. 4). The (001) peak slightly
shifts to a higher angle of up to 15.6° (dgo; = 5.7 f&), and
notably, a new peak grows with temperature at 16.4° (5.4 A).
Upon return to air, the material’s diffractogram shows broader
and weaker peaks at the same position as before dehydration,
suggesting that the dehydration/hydration cycle leads to less
crystalline birnessite. Additional peaks at 14.7° and 26.5° also
show that annealing leads to the appearance of new phases,
the identification of which is beyond the scope of this work.

Under vacuum (>8 h at 0.01 mbar, at RT), the behavior of
K-bir is significantly different (Fig. 5): the interlayer distance
doo1 decreases by only 1% (7.10 A to 7.03 A). A thermal treat-
ment (>100 °C) is necessary to observe a more substantial
reduction in dyo;, which reaches 10% (6.44 A) at 400 °C (see
Table 3). Back to air at RT for 4 days, the material exhibits a
diffractogram different from that of the initial K-bir: the peak
at low angles does not return to its initial position, and
additional peaks are observed, notably at 28°, 32°, and 40°,
due to the formation of additional phases, the identification
of which is beyond the scope of this work. It appears that
thermal treatment leads to alteration in K-bir.

From these results, our understanding is that the steps
leading to the complete dehydration of both Na-bir and K-bir

air @RT

0.01 mbar @RT
0.01 mbar @70°C
0.01 mbar @200°C
back to air @RT

11 12 13 14 15 16 17 18
20 (CuK,,)

I

|V | SN PSS

Intensity (arb. unit)

'I | /\/\_,.,—JVLM M

10 20 30 35 40 45 50 55 60 65 70
20 (CuK,,)

Fig. 4 Successive XRD patterns of Na-bir under air, vacuum (0.01 mbar
at RT, 70 °C, and 200 °C) and back to air. * corresponds to experimental
artefacts (aluminum sample holder).
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K-bir

air @RT

0.01 mbar @RT
0.01 mbar @70°C
0.01 mbar @200°C
0.01 mbar @400°C
back to air @RT

Intensity (arb. unit)

20 (Cu K,,)

Fig. 5 Successive XRD patterns of K-bir under air, vacuum (0.01 mbar
at RT, 70 °C, 200 °C, and 400 °C) and back to air.

Table 3 dgo1 of Na-bir and K-bir derived from XRD measurements

Na-bir 20(°)  doon (A)  Adld (%)

Air@RT 12.433 711 Na-bir,
0.2 mbar (¢ =15 min)@RT  12.759  6.93 3% Na-birg
0.01 mbar (¢ > 8 h)@RT 15.544 5.70 20% Na-birg
back to air@RT 12.416  7.12 0% Na-biry
Air @RT 12.320 7.18 Na-bir,
0.01 mbar (¢ > 8 h)@RT 15.438 5.74 20% Na-birg
0.01 mbar@200 °C 15.591 5.68 21%

Back to air @RT 12.429 712 1%

K-bir 26 (%) door (A)  Ad/d (%)

Air@RT 12.465  7.10 K-bir,
0.01 mbar (¢ > 8 h)@RT 12.582 7.03 1% K-birg
0.01 mbar@200 °C 13.738 6.44 9% K-birg
0.01 mbar@400 °C 13.789 6.42 10%

Back to air@RT 12.661 6.99 2%

are similar, even though they occur under different pressure
and temperature conditions. In the first step, the “ambient”
material (denoted as bir,) gradually experiences a decrease in
interlayer distance by a few percentage points, leading to a par-
tially dehydrated material (denoted as birg). In the second
stage, a lamellar species with a 10 to 20% smaller interlayer
distance (denoted as bir) coexists with birg and becomes pre-
dominant as dehydration progresses. It is observed that for
Na-bir, both steps occur successively at RT for a vacuum limit
of 0.01 mbar. In contrast, for K-bir, the second step was only
observed for a temperature higher than RT (at 0.01 mbar) in

This journal is © The Royal Society of Chemistry 2024
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agreement with the TGA-DSC measurements indicating that
water is strongly bonded to K-bir.

Results from numerical simulations contribute to a better
understanding of the structure of these materials. The calcu-
lated interlayer distances for structures with 2 water molecules
per cation (Na-bir 2H,0: 6.88 A, K-bir 2H,0: 6.98 A) align well
with those measured for Na-birg (6.93 A) and K-birg (7.03 A).
Furthermore, simulations anticipate a reduction in dyo; of
20% and 10% for Na-bir and K-bir, respectively, during com-
plete dehydration to birs. This suggests that materials under

Na-bir OH stretching i
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ambient conditions (birs, dgo; = 7.1 A) present more than 2
water molecules per cation. In this case, dyy; is not primarily
dependent on the cation but is mainly influenced by the water
excess in the interlayer space.

Finally, it should be noted that thermal analyses were per-
formed under dynamic conditions while XRD patterns were
recorded under static conditions of temperature. Nevertheless,
both experiments showed that birnessite under ambient con-
ditions (bir,) completely dehydrates (birc) according to a two-
stage process. Both also suggested that the partially de-

K-bir OH stretching
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Fig. 6 FTIR transmission spectra of Na-bir and K-bir under air (black) and about 0.01 mbar (green) and 10~> mbar (grey) at RT. Spectra recorded as
pressure decreased are shown (orange after 75 min and yellow after 130 min). Dashed lines represent the calculated absorbance of Na-bir or K-bir

with 2H,0 (blue long dash) and no water (short red dash).
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hydrated birnessite with ~2 water molecules per interlayer
cation (birg) plays a special role, as an intermediate product.

FTIR. For the two materials, the H,O bending (Fig. 6,
middle) is observed at 1630 cm ™", close to the frequencies cal-
culated with two water molecules per cation. Compared to the
one of liquid water (1650 cm™"),** this band is redshifted,
which is in agreement with what is observed for clays.*

In the OH stretching region (Fig. 6, top), a broad absorption
band is observed from 2400 to 3700 cm ™" for both specimens
observed in air (black line), which is in agreement with the
spectra obtained by Ling et al.,*® Luo et al,’” Johnson et al.’
and our previous results.*” According to Johnson et al., these
are the symmetric (v;) and antisymmetric (v3) stretching
vibrations of water. It should be noted that pure liquid H,O
presents a broad and unstructured absorption band centered
at 3380 cm™?, which is close to the OH stretch band of K-bir in
air.*® The difference between Na-bir and K-bir is the presence
of additional peaks in Na-bir at 3345 and 3430 cm ™" in agree-
ment with the results of Ling et al.>® as well as Johnson et al.’

Upon dehydration, two phenomena are observed while
reaching the vacuum. Firstly, the broad stretching band from
3000 to 3700 cm ™" decreases gradually and more narrow bands
emerge. For Na-bir, the peaks are at 3220, 3310 and
3360 cm™'. For K-bir, they are at 3200 and 3300 cm™". This is
an indication of an organization of the water in the interlayer
space. Those bands are then removed for prolonged vacuum
times under about 0.01 mbar for Na-bir (Fig. 6, top) and 107>
mbar for K-bir (see ESI Fig. S17). Interestingly, these peaks can
be reproduced by the DFT results with two water molecules per
cation (see Fig. 6, top). The same scaling factor of 0.92 was
applied for both Na-bir and K-bir as a correction for the anhar-
monicity of these vibrations. As anharmonicity of OH stretch-
ing increases with the H bond intensity,”® the low scaling
factor used here accounts for strong interactions between
water molecules and the layers (this scaling factor was not
used for the water bending and the low frequency peaks). The
calculated peaks at high wavenumbers (3353 and 3295 cm™"
for Na-bir, 3319 and 3288 cm™" for K-bir) correspond to anti-
symmetric H,O stretching while those at low wavenumbers
(3249 em™ for Na-bir and 3210 cm ™" for K-bir) correspond to
the symmetric ones. The distinct environments for the 2 water
molecules induce a splitting of the antisymmetric modes. This
splitting is larger for Na-bir than for K-bir, explaining the extra
band observed experimentally.

From these results, dehydration of the birnessite is again a
two-step process. Water molecules in bir,, exposed to air,
present a broad OH stretching absorption band, which
suggests strong intermolecular interactions among water mole-
cules. After a short time under vacuum, the vibrational pro-
perties of birnessites correspond to ordered water and can be
attributed to birg, with 2 water molecules connected to a
cation and bonded to adjacent sheets. Complete dehydration
requires harsher conditions to produce birc, especially for
K-bir. Upon rehydration (ESI Fig. S21), for K-bir under RH =
2%, two bands at 3202 and 3300 cm™" appear, in agreement
with what is observed by Johnson et al.® who claimed that “K
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birnessite showed the most dramatic rehydration capacity”.
The rehydration of Na-bir is not easy and a relative humidity of
30% is necessary to get a spectrum similar to the one obtained
in air (see ESI Fig. S27).

Mn-O vibrations (Fig. 6, bottom) are responsible for the
most intense absorption bands at 415, 478 and 511 cm™' in
both samples.”” Those vibrations are essentially unchanged
through dehydration. However, it is known that some
vibrations below 500 cm™" are related to the hydrated cation.
This was observed through Raman spectra*® as well as in our
Raman analysis (ESI Fig. S31), and it was discovered recently
that sodium®® and potassium® generate a Raman band at
about 280 ecm ™. In our spectra, the vibration around 250 cm™"
is strongly modified through dehydration. It is therefore likely
that these bands are not related to the layers but more likely to
a vibration of the inserted cations, with or without water mole-
cules. Calculations indicate that a large vibrational band is
expected at slightly higher wavenumbers, which is drastically
affected by hydration. This band is linked to the coupling of
the vibration of the water molecules with some oxygens in the
layers (see displacement vectors associated with the corres-
ponding normal mode in ESI Fig. S41).

NAP-XPS. The evolution of the electronic structure of birnes-
site during hydration was probed by NAP-XPS. Measurements
were conducted on Na-bir, for which vacuum-induced dehydra-
tion at RT is more facile than that for K-bir. Fig. 7 presents
NAP-XPS spectra at the Na 2s, Mn 3p, Na 2p, and O 2s
thresholds obtained under UHV and for increasing RH. The
Mn 3p peak for Na-bir under UHV is centered at 49.1 eV
binding energy and can be interpreted as the sum of contri-
butions from two multiplets associated with Mn(ur) and Mn
(v), in excellent agreement with previous results (see
Fig. S51).** The Na 2s (62.5 eV), Na 2p (29.8 eV), and O 2s (21.3
eV) peaks are associated with Na' ions in the interlayer and
0> ions in the layers. The asymmetric broadening towards
high binding energies of the O 2s component can be attribu-
ted to the partial hydroxylation of Na-bir. The analysis of the O
1s spectrum confirms this interpretation (see Fig. S67).

The main evolution in the NAP-XPS spectra for RH in the
range of 0.4-31% corresponds to the appearance of an O 2s
contribution at 25 eV binding energy. It is important to note
that to suppress the gas phase contribution to photoemission
spectra, a +30 V potential was applied to the birnessite sample
holder with respect to the analyzer entrance.’®?' Therefore,
the O 2s enhancement arises solely from water uptake in the
solid phase (i.e., water insertion into the interlayer region).
The evolution of oxygen content can be assessed from photo-
emission measurements using the following equation:

Miot/Mbir = (Ao 25/ANa 2p ) hydratedbir/ (Ao 2s/ANa 2p)pir - (1)

where ny. (pi;) is the amount of oxygen in hydrated (water-
free, respectively) Na-bir, and A; is the photoemission peak
area at level i. The use of the Ag >5/Ana 2p ratio allows eliminat-
ing the photoelectron attenuation by the gas phase.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Na 2s (left), Mn 3p (middle) and Na 2p & O 2s (right) NAP-XPS spectra of Na-bir (hv = 420 eV) at RH = 0.0 (black; 293 K, UHV), RH = 0.4%
(blue; 293 K, 0.1 mbar water), RH = 9% (green; 293 K, 2 mbar water), and RH = 31% (red; 274 K, 2 mbar water). In each spectral region, the intensities
were normalized by the maximum (unnormalized spectra are presented in Fig. S77). nyot/Npir vs. RH derived from NAP-XPS measurements is given in
the inset, with ni.; and ny,;, as the amount of oxygen in hydrated and water free Na-bir (under UHV@RT), respectively.

Considering dehydrated birnessite with the formula
[MnO,][0.30Na"], the ny/np;; ratio of ~1.6 estimated for RH >
9% corresponds to hydrated birnessite with the formula
Nay 30Mn0,-1.2H,0. Such water content is significantly higher
than that estimated for birnessite under ambient conditions
(Nay 30Mn0,-0.75H,0). This result may be explained by the for-
mation of a water film on the external solid’s surface during
hydration. This assumption is supported by previously
reported volumetric water adsorption measurements on bir-
nessite.'> Moreover, NAP-XPS measurements evidenced similar
water adsorption films on LDH.?® Because the depth probed
by XPS (the mean free path of electrons with 400 eV kinetic
energy is ~10 A) is of the same order of magnitude as doo;
(~7 A), a nanometric-thick water film on birnessite should sig-
nificantly contribute to the O 2s signal.

As RH increases from 9 to 31%, the n./np; ratio evolves
from 1.57 to 1.62, indicating a slight increase in the amount of
water in/on the material. Simultaneously, the Na 2p peak
shifts by 0.3 eV towards lower binding energies, while the posi-
tion of the Na 2s component remains unchanged. As detailed

3

Bir, SN SN ¢

A ,S (] (-\. R 'g [ J (‘\ dOOl
4
3

Bir, % ¢ “ : Ad

B r(\ ) (:' '/r ) (*\ 001 ~3 %
¢d001
N

Bir, Adgoy

C [ e ~20%
'd001

Fig. 8 Mechanism of birnessite dehydration.
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in the ESI,T radiolysis effects can be ruled out as the cause of
the Na 2p shift. Rather, this evolution corresponds to the
modification of the Na“ environment. Hydration primarily
affects the less bound electronic levels of the Na* ion. Similar
behavior was observed for Cl™ ions in the interlayer space of
hydrated LDH*’: during hydration, Cl 3p levels shifted by 0.3
eV towards higher binding energies, while the position of the
Cl 2p level remained essentially unchanged. Results from XRD
and FTIR allow for an interpretation of the evolution of the
Na' electronic structure. Increasing RH reinforces the inter-
layer water content and Na-birg evolves to Na-bir,. Accordingly,
doo1 increases (see the XRD section) and intermolecular inter-
actions between water molecules tend to get stronger (see the
FTIR section). Then, the destabilization of the Na 2p levels
observed for RH = 31% can be attributed to a less organized
Na' hydration sphere when the molar Na/H,O ratio exceeds 2.

Conclusion

This study investigates the dehydration mechanisms of Na and
K birnessites, characterized by over 2 water molecules per
interlayer cation (H,O/Na = 2.5 and H,O/K = 3.5), under
ambient conditions (bir,). Thermal, structural, vibrational,
and electronic analyses, conducted down to RH = 0%, collec-
tively evidence a two-stage dehydration process, as depicted in
Fig. 8.

Thermal analysis reveals that the first stage ends (birg) for
water content corresponding to a molar ratio of H,O/A of ~2 (A
=Na' or K).

During the first stage (bir, — birg), the interlayer distance
is progressively reduced (1-3%) with water loss, reaching a
value essentially imposed by the remaining H,O molecules
forming hydrogen bonds with adjacent sheets, regardless of
the nature of the interlayer cation (Na" or K'). Further dehydra-
tion leads to the appearance of completely dehydrated (birg)
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domains, with an interlayer distance 10 to 20% shorter than
that of bir,. During this second stage, both birg and birg
domains coexist, with the birc amount increasing and tending
to dominate when dehydration is complete.

The vibration properties of bir, are consistent with strong
intermolecular interactions among water molecules. Partially
dehydrated birnessites show a distinct feature with 3 (for Na-
bir) and 2 (for K-bir) vibrations for the OH stretching modes
that are reproduced by DFT calculations performed on birg
models. Vibrations at low wavenumbers are also affected by
the disappearance of the water molecules.

NAP-XPS enables the investigation of H,O intercalation into
Na-bir during hydration (RH > 0.4%) and the formation of a
nanometer-thick water layer on the external surface of birnes-
site (RH > 9%). The electronic structure of interlayer cations is
minimally affected when dehydrated Na-birc is exposed to
water vapor up to RH = 9%. Notably, at RH = 31%, the highest
occupied Na' level (Na 2p) exhibits a slight shift, while the
deeper level (Na 2s) remains unchanged. Enhanced inter-
molecular interactions among interlayer water molecules lead
to the weakening of the cation hydration sphere in Na-bir,,
subsequently destabilizing their external level.
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