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This article reports for the first time the synthesis of an LDH using only manganese as the divalent and tri-
valent metallic ion. Analysis of the pH, redox potential, and chemical composition during the oxidation of
a manganese basic salt using persulfate indicates the oxidation of 1/3 of the initial Mn'" ions, in agreement
with the paramagnetic structure and XPS analysis. Infrared, Raman spectra and thermogravimetric analysis
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results were similar to the ones obtained with Fe-LDH also known as green rust. X-Ray diffractograms and
Rietveld refinement were used to determine the structure of this solid. Thermodynamic considerations
predict that this solid could reduce nitrate into gaseous nitrogen without further reduction to ammonium
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Introduction

Layered double hydroxides (LDHs) or anionic clays are a class
of ionic solids with a layered structure and a general formula
M MI(OH), (A" )y, mH,O "+ in which M" and M™ are
metallic cations and A"" is an intercalated anion. These
materials are useful structures for many applications, e.g., cata-
lysis (oxygen evolution reaction’ and photodegradation of pol-
lutants®), anionic exchange® or biomedical applications.* They
are usually synthesized using a trivalent cation distinct from
the divalent cations e.g. AI** as M™ and Mg** as M" for the
common hydrotalcite Al-Mg-LDH.” But it is possible to syn-
thesize such a structure using only one metallic element. This
is well known for iron, Fe-LDH, also known as “green rust”®’
or “fougerite”.>® Sulfate Fe-LDH is very active in reducing
nitrate’® or other pollutants."’ This mono-metallic layered
structure is also observed for cobalt,"*"* forming single tran-
sition metal hydroxides with mixed valences. The monometal-
lic Co-LDH can be used as capacitors with high pseudo-
capacitive performance'® or for the oxygen evolution reaction.
In addition, cerium monometallic LDHs exist with interesting
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or ammonia unlike what is observed for Fe-LDH.

photocatalytic properties'® but because of the high oxidation
state of Ce (Ce*"-Ce*"), sulfate ions are not simply in the inter-
layer space but also directly connected to the cerium. Other
lanthanide-LDHs have also been synthesized."®

Manganese is frequently incorporated into LDH structures
as a divalent cation with AI** (ref. 17-19) or as a trivalent cation
with Mg®*, Zn®" or Co*" (ref. 20-23) because of its photocatalytic
potential.** These LDHs can be used for phototherapy against
cancers,”” for the electrocatalytic detection of hydrogen per-
oxide® or as an electrode for the oxygen evolution reaction.”®
However, to our knowledge, it was never used as a single metal-
lic constituent of LDH. One of the main limitations is the
impossibility to obtain a stable Mn®" solution excluding the
classical coprecipitation method using an initial solution pre-
pared by the dissolution of Mn"™ and Mn™ salts. The Mn™
cations contained in the LDH were obtained either by introdu-
cing an oxidant such as H,0, in the initial solution*” or prob-
ably due to the contact of the LDH suspension with air.”®>°

Besides coprecipitation, another pathway for the synthesis
of LDH is the oxidation of M" hydroxide. Mn(OH), oxidation
was thoroughly studied half a century ago®® and it appeared
that the formation of oxide (MnzO,), birnessite®® or oxide-
hydroxide MnO(OH) was the sole fate. However, a new Mn"
salt was discovered recently with sulfate in its structure.*” In
this article, this salt was successfully transformed into Mn-
LDH with sulfate anions in the interlayer space.

The possibility to stabilise a mixed Mn"-Mn"™ species in a
hydroxide structure opens new perspectives because of their
redox properties. Indeed, soluble Mn*'(,, species are well
known to be very slowly oxidised by soluble oxygen in acidic or
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neutral aqueous solutions. Mn'" species present in more
compact solid structures such as spinels (e.g. hausmannite)
are well known to be stable in contact with air. In contrast,
hydroxylated Mn" species present in an open solid structure
such as LDH are expected to be much more reactive. Such
differences in reactivity were clearly demonstrated in the case
of Fe" containing compounds, i.e., the oxidation of Fe(OH), or
Fe;0, by NO;™ is extremely slow in comparison to the nitrate
oxidation of Fe-LDH.>? Finally, the existence of a mixed Mn"-
Mn"™ LDH structure has to be considered when analysing the
oxidation of Mn" in geology. Indeed, the source of Mn™ in
aqueous media is still debated.>*

Results

Oxidation of manganese hydroxide sulfate solution

Firstly, Mn,(OH)sSO, or Mn(OH), was produced by adding
1 mol L™! NaOH solution into 0.4 mol L™ MnSO, solution.
n(OH™)
n(Mn?*)
amount in the solutions. For R values below 1.5, Mn,(OH)sSO,
is produced,® while Mn(OH), was produced for higher R
values. As long as the solids obtained for various R values with
MnSO, are kept under nitrogen bubbling, the suspensions
remain white while their pH values are stable for hours.

For a given R value, Na,S,0g solution is then added drop by
drop. Subsequently, the solids darken upon the addition of
the oxidant (ESI Fig. S1f) except for R = 0 (no addition of
OH"). This is in agreement with the fact that Mn*" is not oxi-
dized because of the large free energy barrier to overcome.>
The pH value decreases upon S,04>~ addition (ESI Fig. S27).

The R value is now fixed at 1.5 in order to maximise the
amount of initial Mn,(OH)eSO,. The progress of the addition of

The ratio R = indicates the proportion of the NaOH

S,0s°~ in the solution is defined by the parameter

2n(8,0%~ , I .

:(2728). According to the stoichiometry of the oxi-
n(Mn2t)

dation reaction, if the reaction is complete, then x is also equal
to the fraction of the Mn™ valence in the Mn" and Mn™ mixture
as one persulfate accepts two electrons to produce sulfate ions.

Fig. 1 indicates the pH and the potential E;,/SCE for increas-
ing x values. Three different zones can be observed: the A zone
ends with the inflection for x = 0.266 (inflection point for
other R values are discussed in ESI section 2t), the B zone, in
which one can observe a pseudo-plateau for E;, and pH, and
the C zone with a final drop.

For various x values, we analysed the remaining quantities
of aqueous cations and anions in solution. Quantities are indi-
cated in Fig. 2 and were measured by inductively coupled
plasma mass spectrometry (aqueous Mn species) and ion
chromatography (SO4>").

4 possible chemical reactions between Mnl(OH)sSO, and
the oxidant are listed below:

3Mnj (OH)4SO; + 25,05>" + 60H™
— 2MnMn(OH),,] [SO,>"] + 550,2~

(1)
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Fig. 1 pH and E,/silver chloride electrode values for a R = 1.5 MnSO,4
solution as a function of x.
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Fig. 2 Soluble Mn (black circles) and SO,%~ (green triangles), from
ICP-MS measurement and ion chromatography, respectively, for R = 1.5
MnSQ, solution as a function of the x ratio. Error bars for Mn are smaller
than the mark (0.1 mmol). Dotted lines show the expected quantities in
solution for the formation of Mn-LDH through eqn (2) for x between 0
and 0.25 and then the transformation of this solid into MnO(OH) for x
between 0.25 and 1 (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.).

2Mn} (OH),SO, + S,05>"

2
— [MnMn}"(OH),,][S04*"| + 2Mn*" + 350,>~ @)
3Mn} (OH),SO, + 45,04 + 140H~ 3)
— 4Mn"Mn]"0, + 11S0,*” + 16H,0
Mnj (OH),SO, + 25,04>" + 60H~ @)

— 4Mn™O(OH) + 550,>~ + 4H,0

Eqn (1) and (2) describe the formation of a new type of
LDH containing only Mn (Mn-LDH) equivalent to the green
rust (Fe-LDH) which presents a Fe"/Fe'" ratio of 2. Water mole-
cules within the Mn-LDH are omitted for the moment in the
chemical formula that will be written as MnjMnJ!
(OH);,S0,>". For eqn (1), the entire Mn atoms are incorporated
in the solid, which is not in agreement with what is observed

This journal is © The Royal Society of Chemistry 2022
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in Fig. 2. This possibility is therefore rejected. For eqn (2),
there is a simultaneous release of Mn>" cations in the solution.
Eqn (3) and (4) describe the formation of the well-known
mixed oxide Mn"Mn2'0, and oxyhydroxide Mn™O(OH).

For x values lower than 0.25, the remaining quantities of
Mn and sulfate in the solution are in clear agreement with the
expected values from eqn (2). In addition, the stability of the
pH during this phase indicates that there is little consumption
of OH™ in this reaction. Besides, the inflections for other R
values are also in agreement with this stoichiometry (ESI
section 27}). For x = 0.25, the maximum quantity of Mn-LDH is
obtained.

For values between 0.25 and 0.75, the pseudo-plateau in the
pH values can be attributed to the transformation of Mn-LDH
into MnO(OH) (as determined by XRD in the next section) as
in eqn (5). The oxidation reaction of Mn-LDH does not involve
any change in the acid-base concentrations:

[MnMn]"(OH),,][S04>7] + S,08>"
— 4Mn™O(OH) + 2Mn*" + 350, + 4H,0

(5)

Again, the remaining quantity of Mn in solution is in agree-
ment with this chemical reaction. However, the quantity of
sulfate is much lower than what is predicted. It is therefore
very likely that, along with MnO(OH) and Mn;O,, an
additional solid precipitate was also formed. The large peak
for the sulfate vibrations in Raman for R = 1.00 (Fig. 4) is in
agreement with this hypothesis.

It is interesting to note that the production of the fully oxi-
dized metal(m) oxyhydroxide species is also observed for
further oxidation of Co'* and Fe** monometallic LDHs.

Eqn (2) and (5) together indicate that half of the initial
manganese is released as Mn>" cations that cannot be oxidized
under our conditions (ESI p.4f). Oxidation to Mn;0, is also
possible and observed during the degradation of Mn-LDH in
contact with air.

Characterization of the oxidation products

XRD. Mn-LDH formation in the previous section is proposed
due to stoichiometric considerations. The X-ray diffractograms
of the wet solids produced for R = 1.5 and various x values are
presented in Fig. 3. For x = 0, pyrochroite (Mn(OH),) and
Mn,(OH)4SO, > patterns are observed, which is no longer the
case for x = 0.12 (Fig. 3). Instead, a similar basic Mn" salt is
observed: [Mn(OH),],[MnSO,],-H,O. This structure was also
observed upon drying Mn,(OH)sS0,.>> Alongside this struc-
ture, other diffraction peaks are present which are then the
only ones to be observed for x = 0.24. The XRD pattern for x =
0.24 is characteristic of layered LDH compounds with the first
(00l) diffraction peaks indicating an interlayer distance of
about 11 A. A Le Bail (profile matching) mode of refinement
using the usual space group for LDH compounds, which is the
R3m trigonal space group with the @, planar lattice parameter
close to 3.2 A clearly indicated the absence of a rhombohedral
network (ESI Fig. S4at). A second attempt based on the P3m1
space group corresponding to the brucite like Mn(OH), crystal

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 XRD of the solids obtained from MnSO, solution with R = 1.5 for
various x ratios. Stars represent the main peaks for the [Mn
(OH),]7IMNSO4],-H,0 structure (JCPDS file 00-018-0788). # indicates
the additional peak due to the Mn-LDH superstructure.

structure®” led to a reliable refinement with the following hex-
agonal refined unit cell parameters: a, = 3.2270(7) A and ¢ =
10.9390(23) A (indexation is shown in ESI Fig. S4bt). The
refinement obtained was relevant although one low intensity
diffraction peak (close to 18.3°, see # on Fig. 3) was not con-
sidered, suggesting the presence of a superstructure. Similar
to the Fe-LDH phase intercalated with SO,>7,*” a super-
structure in the basal plane with a = /3 a, and the P31m
space group was tested. The obtained Le Bail simulation was
improved by including all the diffraction signals (ESI
Fig. S4ct). The definitive refined unit cell parameters are as
follows: a = 5.5917 (1) A and ¢ = 10.9492 (4) A, very close to
those reported for the Fe-LDH phase intercalated with SO4>~:*®
a=5.5524 (1) A and ¢ = 11.011 (3) A.

For x = 1, the diffractogram shows larger peaks that can be
attributed to poorly crystalline manganite y-MnO(OH) and
groutite a-MnO(OH).

Vibrational spectroscopy. The evolution of Raman spectra of
the wet structures for R = 1,5 and increasing the x amount of
persulfate are shown in Fig. 4. For the x = 0 spectrum, the pyro-
chroite identified in XRD corresponds to the peak at 637 cm™,
as referenced in the RRUFF database R10004.>° The other
main peak at 525 cm™", as well as the sharp sulfate peak at
997 ecm™', indicates the presence of Mn,(OH)sSO4.>> For x =
0.24, two peaks at 431 and 523 cm™' are observed, corres-
ponding to the E,(T) and the A4(T) vibrations in LDH."® Those
values are close to what is measured with the sulfate Fe-LDH
(427 and 518 cm™"),® which suggest the presence of only one
solid.

As the oxidation continues, a broad peak centered at
around 592 ecm™' emerges. This peak can be attributed to the
vibrations of a mixture of a-MnO(OH) at 550 cm™" (ref. 41) and
y-MnO(OH) (558 cm™" for the symmetric stretching of the Mn-
O-Mn bridge and 621 cm™" for the asymmetric stretching of

Dalton Trans., 2022, 51, 1787-11796 | 11789
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Fig. 4 Raman spectra of the wet solids obtained using the R =
1.5 manganese sulfate solution for increasing x values.

these bridges).”” It is noteworthy that the oxidation of the
solid is not homogeneous and pure LDH as well as pure MnO
(OH) spots can be found while translating the laser spot on
the x = 0.6 solid.

The last spectrum for x = 1 shows no more vibration associ-
ated with the LDH, and a new peak emerges at 660 cm™ "
which can be attributed to the Mn;0,,*" structure that was not
observed in XRD.

Infrared spectroscopy confirms the transformation of the
basic salt into LDH, with both compounds containing sulfate
anions in their structure, followed by subsequent oxidation to
oxide and oxide-hydroxide (ESI section 3.27).

XPS. XPS is performed on the dried product. Unfortunately,
the attempts to wash the solid to remove sodium sulfate impu-
rities were not successful as the solid degraded in pure water
solution. Using XPS, we were able to measure the proportion
of the dried solid that is sodium sulfate using the relative pro-
portion of oxygen, manganese, sulfur, and sodium. In this dry
unrinsed sample, we found that 25% of the mass is Na,SO,,
which is consistent with the Na,SO, concentration measured
in the preparation medium. The remaining mass is in agree-
ment with the formula Mng(OH);,S0,-8H,0.

In Fig. 5, Mn 2pj,, features the results from the contri-
butions of various Mn valence states. Due to the coupling
between the unpaired electrons of the outer shell and
unpaired core electron resulting from photoionization, high
spin Mn ions give rise to multiplet splitting. Overlapping of
these multiplets poses a serious difficulty for qualitative and
quantitative analysis of the Mn valence state.**>> Fig. 5 shows
the Mn 2p3,, peak at 642.0 eV with a shoulder at 643 eV, which
suggests the coexistence of Mn" and Mn™" valence states. The

1790 | Dalton Trans., 2022, 51,11787-11796
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Fig. 5 XPS in the Mn 2p3,, region of the solids for R = 1.5 and x = 0.24
ratios (black dots), x = 1 (green open dots), and Mn(OH), (red cross), as
well as their combination (grey line), are plotted.

shake-up satellite at 646 eV appears as the fingerprint of Mn"
in MnO,***® LDH,*® or Mn(OH), as shown in Fig. 5. The Mn
2Pps/2 spectra of Mn(OH), and MnO(OH) (Mn™) as well as their
linear combination with an area ratio of 38: 62 were added as
shown in Fig. 5. The latter fairly reproduces the spectrum of
Mn-LDH confirming the mixed-valence Mn"-Mn™ nature of
this compound, even if it fails to account for the expected
Mn"/Mn" ratio of 2.

O 1s, S 2p and valence band spectra are given in ESI section
3.4.%

Thermogravimetric measurements. Thermogravimetric ana-
lysis (TGA) of the dried powder was performed (ESI Fig. S97).
Two weight losses were observed, at 95 and 174 °C, which is
again in the same range as that observed for Fe-LDH>® (117
and 153 °C), which can be attributed to the vaporization of
slightly bonded water molecules present in the interlayer and
to the condensation reaction between hydroxyl groups in the
hydroxide sheets and their departure as water molecules,
respectively. Those mass losses (13.5 and 8%, respectively, of
the total mass) correspond respectively to 18% and 10.5% of
the LDH mass in the dried product determined by XPS ana-
lysis (75% of the dried product is Mn-LDH). This indicates that
there are 8 water molecules per unit slightly bonded in the
dried structure (8.5 in the Fe-LDH) and 4.5 additional water
molecules leave at higher temperatures because of the conden-
sation of 9 hydroxyl groups (2 water molecules and 4 hydroxyl
groups for the Fe-LDH) associated with the formation of MnO
(OH) and Mn,0; at higher temperatures. This indicates that
the complete structure of the solid is Mng(OH);,S0,4-8 H,O.

Magnetic properties. The susceptibility was recorded under
a 0.5 T dc field (ESI Fig. S101) as a function of temperature.

The Curie constant, determined from the fit of the 1/y =
S(T) curve using the Curie-Weiss law, is C = 18.7 emu K mol™*
(Fig. 6). This value is in the same order of magnitude as the
one expected from the elemental formula, oxidation degrees,
and composition of the solid phase (23.5 emu K mol~" consid-
ering a high-spin configuration for Mn" and Mn"™ with g = 2).
The negative Weiss temperature, 6 = —105 K, indicates the
occurrence of predominant antiferromagnetic interactions.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 1/y = f(T) (black circles) for compound LDH-Mn, under a dc field
of 0.5 T and the best fit of the high temperature region (>150 K) using
the Curie—Weiss law (full red line).

The T product (ESI Fig. S101) decreases when the tempera-
ture decreases slowly down to a minimum at 67 K (9.2 emu K
mol ™). Then, the T product increases sharply to two successive
maxima, at 33.5 K and 16.2 K (49.3 and 44.7 emu K mol™*
respectively). This overall behavior points to the occurrence of
ferrimagnetic ordering, with two magnetic phases. One hypoth-
esis to explain the presence of two magnetic phases can be the
existence of phases with different hydration levels, which may
modify the interaction between the layers, and hence the mag-
netic coupling leading to different ordering temperatures.

The magnetic ordering is better evidenced by ac suscepti-
bility measurements, performed under a zero dc field, and a 2
Oe oscillating field (ESI Fig. 11}). These measurements reveal
a rather complex ordering phenomenon, with five peaks in the
out-of-phase susceptibility (at 39.5, 37.4 (shoulder), 14.2, 6.1
and 2.0 K).

None of these peaks are frequency dependent, which
exclude the signature of potential small paramagnetic clusters
with slow magnetic relaxation. Therefore, ac measurements
evidence five ferro or ferrimagnetic ordering temperatures,
likely corresponding to the presence of five magnetic phases,
and not only two as evidenced by dc measurements. This dis-
tribution of ordering temperatures is not unusual for layered
hydroxide based magnets;**"

Finally, magnetization vs. field at a low temperature (1.8 K)
is presented in Fig. 7. At a high field, the magnetization varies
linearly with the field and is far from the expected value for a
full spin alignment, as expected for a ferrimagnetically ordered
material. The coercive field is 88 mT at 1.8 K.

SEM. Scanning electron microscopy was also used to charac-
terize Mn-LDH (Fig. 8). Some ribbon structures can be seen,
with 0.5 pm width, a few pm length and 0.1 pm thickness.
This kind of structure could not be seen in the Mn,(OH)¢SO,
salt (ESI Fig. S57). This ribbon structure is different from what

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 SEM images of Mn-LDH obtained for x = 0.25.
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is observed for Fe*® and Co-LDH," in which a hexagonal mor-
phology was reported in SEM. The small roundish shapes of
residual crystallites could be attributed to the part of the LDH
oxidized in Mn;0,.

The preferential direction for the growth of Mn-LDH could
be related to the anisotropy created by the Jahn-Teller effect in
the Mn™ octahedron,®” even if this effect could not be seen in
the Rietveld analysis.

Discussion
Structure of the obtained product

Chemical analysis of the solution, as well as the variations of
the pH (ESI section 2}) during the oxidation of Mn,(OH)¢SO,,
shows that the stoichiometry of the reaction is compatible with
the formation of Mn-LDH with a chemical composition of
Mn"™MnY(OH),,S0,-xH,0. X-ray diffraction and Raman spec-
troscopy show similar results for the Fe- and Mn-LDH interca-
lated by sulfate. Thermogravimetric analysis indicates that 8
water molecules are present in the interlayer space for each
Mn-LDH motif based on two Mn>', leading to the formula:
MnIMnl(OH),,50,-8H,0. The XRD pattern was therefore
treated by Rietveld refinements using the structural data of Fe-
LDH intercalated by sulfate as a starting point. This initial
structural model was efficient, and refinement cycles were
carried out. Careful work has been done on the refinement of
the diffraction peak profile, using anisotropic size parameters
linked to the platelet shaped LDH crystallites. In the course of
refinement the dg_ interatomic distances for sulfate anions
were fixed at the 1.55 (1) A value with a regular tetrahedral
shape. Fig. 9 shows the obtained Rietveld plot and Table 1
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Fig. 9 Rietveld plot for the refined structural model of the Mn-LDH
compound intercalated with sulfate anions showing the diffraction
measured pattern (red dots), the calculated pattern (black line), the
difference curve (blue line) and sticks for the Bragg peak positions.
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Table 1 Refined structure of Mn-LDH

Parameters
Space group
Lattice parameters

Mn-LDH (SO,*7)
P31m
a=5.58821(9) A
€=10.9410 (4) A
Atomic positions

Mn** (1q) (000)

Mn*" (2¢) (310

OH™ (6k) (0.327(3) 0 0.0935(6))
H,0 (12]) (—0.248(3) 0.564(2) 0.6624(5))
S%* (2e) (0 0 0.6054(8))

04> (2€) (0 00.7481(7))

05> (6k) (0.275(2) 0 0.573(1))
Site occupancies

H,0 (12]) 0.39(3)

Sulfate (2e) 0.25(-)

Reliability factors

Rerage 0.031

Ry 0.060

R, 0.027

Rup 0.036

Rexp 0.026

shows the refined structural parameters of the Mn-LDH com-
pound compared with those of the Fe-LDH analog (ESI
Table 27).

The origin of this ordering is in the interlayer in which
sulfate anions are located at specific positions apical to triva-
lent Mn*" cations. Having a Mn®*/SO," ratio of 2 explains the
formation of double planes within the interlayer; each Mn®**
octahedron being bounded only to one sulfate anion by a
single face of the main layer (Fig. 10). The rest of the interlayer
region is occupied by relatively mobile water molecules, and
the refined occupancy for water molecules on the Wyckoff site
corresponds to the following chemical composition: Mn"™Mn
(OH)¢S04-9H,0, close to the one deduced by thermo-

Fig. 10 Representation of the Mn-LDH crystal structure. Main layers
composed of Mn** (brown) and Mn?* (purple) octahedra, intercalated
by sulfate anions (yellow tetrahedra) and water molecules (blue
spheres).

This journal is © The Royal Society of Chemistry 2022
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gravimetric analysis (Mn)"™Mn}(OH)s-S0O,-8H,0) Fig. 10 pre-
sents the crystal structure of the Mn-LDH synthesized com-
pound. The superstructure of this sulfate intercalated Mn-LDH
phase along the [110] direction of the Mn(OH), basic struc-
ture®” allows the ordering of the divalent and trivalent manga-
nese cations, respectively, in the 2c and 1a Wyckoff positions
(Table 1) which impose a Mn**/Mn** ratio of 2.

Redox properties

The redox potential Ey, for the oxidation of {Fe(OH),),Fe*’ (1q)}
solution by air was used to determine the standard Gibbs free
energy of Fe-LDH.*® For example, a value A;G°(Fe-LDH) =
—3790 + 10 kJ mol™" was determined by this method for Fe-
LDH with sulfate in good agreement with other works.*®
Unfortunately, as the basic salt Mny(OH)SO, is not refer-
enced, the first step of oxidation (A part of Fig. 1) transforming
it into Mn-LDH cannot be used to determine its standard
Gibbs free energy of formation: 4;G°(Mn-LDH) value.

In contrast, the redox potential values recorded in zone B
(0.4 < x < 0.7) were relatively constant and a pseudo Ej, plateau
was observed. Zone B corresponds to the transformation of the
Mn-LDH into MnO(OH). In fact, the product is a mixture of
manganite y-MnO(OH) and groutite a-MnO(OH). The value
E°(MnO(OH)/Mn-LDH) = +1.117 V/SHE was computed (ESI
section 3.1f) by using the experimental E,/ESH value
(+380 mV) and pH value (8.2) recorded in the middle of the Ey,
plateau of zone B and corrected with the relative silver chloride
electrode potential (Fig. 1).

By using the A;G° values reported in ESI Table S4,} the stan-
dard Gibbs energy of formation of MnyMn['(OH);,SO, was
estimated to be in between —4519 and —4436 k] mol™, the
lower and the higher values being determined for the final oxi-
dation products manganite or groutite, respectively. The
Pourbaix diagrams of Fe and Mn species were built by using
the standard chemical potential of ESI Table S4f and the
Nernst equations of the relevant redox couples with the details
of the calculations in section 4.1.

The reduction reaction of nitrate to either ammonium or
dinitrogen by oxidizing Fe-LDH to y-FeO(OH) is thermo-
dynamically favorable. Previously performed experiments are
in agreement with such a prediction and Fe-LDH was observed
to reduce nitrate either in ammonium™® for sulfate and chlor-
ide containing Fe-LDH or into a mixture of ammonium and
N-gaseous species for carbonate containing LDH.>’

Interestingly, the limit between the domain of stability of
nitrate and dinitrogen is still situated above the one separating
MnO(OH) and Mn-LDH on the Mn-Pourbaix diagram
(Fig. 11A), while it is not the case for the line separating
nitrate and ammonium/ammonia. This means that Mn-LDH is
not reactive enough to reduce nitrate into ammonium, but it
may potentially reduce nitrate into N,. This is in line with
what is observed in the manganese assisted denitrification
process in a laboratory scale sequencing batch reactor by
Swathi et al.®®

The latter reaction is of utmost importance if the goal is to
find a material useful for the water denitrification process.

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 Pourbaix diagrams for Mn (A) and Fe (B).

Such properties could be unique among the monometallic
LDH family. Indeed, Fe-LDH is a too strong reductant that
transformed nitrate mainly into the more reduced form of
nitrogen, i.e. NH4". In contrast, Co-LDH and Ni-LDH could be
too weak reductants to transform NH," into N,. Such a prelimi-
nary forecast can be proposed by comparing similar redox
potentials, e.g. the standard potentials E° of M>'(,q/M5'Oy)
redox couples are equal to 0.728, 1.443, 1.746 and 1.753 V/SHE
when M = Fe, Mn, Co and Ni, respectively.®’ However, further
experiments dedicated to the determination of the standard
chemical potentials of Co-LDH and Ni-LDH and to the reactiv-
ity of monometallic LDH towards nitrate species should be
explored to confirm these assumptions.

Conclusions

A new monometallic manganese double layered hydroxide
Mn"™n}(OH)s-SO,-8H,0 was discovered using Mn}(OH)sSO,4
oxidation with S,04>~ and following the pH, Ej, and compo-
sition of the liquid solution during the oxidation. The charac-
terization (XRD, Raman, infrared, and thermogravimetric ana-
lysis) of the solid shows that the structure of Mn-LDH is very
close to the one of Fe-LDH (green rust). XPS shows that the
solid contains a mixture of Mn" and Mn™, which is confirmed
by magnetic experiments. SEM shows a ribbon shape organiz-
ation of the solid, perhaps linked with a preferential direction

Dalton Trans., 2022, 51, 1787-11796 | 11793
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due to the Jahn-Teller effect induced by Mn™ ions. The crystal
structure was therefore determined using Rietveld refinement.
The solid was determined to be ferrimagnetic at low
temperatures.

Pourbaix diagrams calculated from the experimental
measurements during the synthesis indicate that this solid is
theoretically able to reduce nitrate into dinitrogen without
further reduction to ammonium or ammonia. This indicates
that this solid could be used for water remediation. Finally,
the eventual formation of Mn-LDH in the natural environment
should also be considered. Indeed, fougerite, the mineral con-
taining Fe-LDH, is already identified in hydromorphic soils
and groundwater. Mn"-Mn"" LDH could be an intermediate
species in the oxidation pathway of manganese.

Experimental

Synthesis

Mn-LDH were synthesized using 50 mL of MnSO,-H,O (Sigma
Aldrich, >99%) solution (0.4 mol L") with a variable volume of
1 mol L™" NaOH (VWR 31627.290) to reach the desired R value
(R _ n(OH™)
n(Mn**)
the pH was stabilized, a 0.2 mol L' solution of Na,S,0g
(Sigma Aldrich, >99%) was added using a peristaltic pump
with a flow of 0.167 mL min™" and the pH and the redox
potential E;, were registered with a Metrohm pH electrode
Unitrode with Pt1000 and a Toledo Inlab redox electrode. The
x value indicates the quantity of persulfate introduced, as
_ 2n(S,05%7)
~ n(Mn2t)
from a mixture of 1.12 g of MnCl,-4H,0 (Sigma Aldrich, >98%)
and 0.57 g of NaOH (VWR, 99.1%) in 40 ml of water under
nitrogen bubbling.

) under stirring and nitrogen bubbling. Once

For XPS analysis, Mn(OH), was prepared

Characterization studies

ICP-MS. Released manganese concentrations in the solution
were measured by Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS, Agilent-7800). 100 pL of the supernatant
solution after centrifugation was diluted to 100 mL with water.
The calibration curve in the range 50-2000 ppb has been estab-
lished using Sigma-Aldrich 74128 samples. The detected
isotope was >*Mn.

Ion chromatography. Sulfate concentration was determined
by ion chromatography. Analysis was performed with a
Metrohm 882 Compact IC plus instrument equipped with
chemical (Metrohm suppressor MSM II) and sequential
(Metrohm CO2 suppressor MCS) suppressors and a conducti-
metric detector. The eluent (1.8 mmol L™' Na,CO; and
1.7 mmol L~' NaHCO; solution) flowed continuously through
a Metrosep A Supp 4-250/4.0 column associated with a guard
column (Metrosep A supp 4/5 guard). Standard solutions were
prepared from commercial 1000 pg mL™' anions (Merck
1.11448.0500). The flow rate and the injected volume were
respectively 1 mL min™" and 20 pL.
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XRD. The products were measured soon after their synthesis
and centrifugation. XRD diffractograms were recorded either
on a wet sample (x = 0, 0.12 and 0.24) or on the sample dried
under nitrogen flow (x = 1). For the wet sample, excess water
was removed by pressing the water soaked paste between
tissues. The resulting paste was measured on an approximately
10 um thick zero background X-ray holder covered with a
minimal amount of glycerol to protect the paste from air oxi-
dation, as the compounds were known to be air sensitive.
Multiple (at least 15) 1 h X-ray scans were collected, and the
diffractograms did not show any sign of evolution, the multiple
scans were summed up for better X-ray statistics.

Powder X-ray diffraction patterns were recorded with a
Panalytical X’Pert Pro MPD diffractometer in reflection geome-
try using a tube with Cu radiation (K, = 1.5406 A, a Ge(111)
incident-beam monochromator, 0.02 rad Soller slits, program-
mable divergence and antiscatter slits (the irradiated area was
fixed to 10 mm x 10 mm)), and an X'Celerator detector. Data
were collected from finely ground samples with a sample
holder spinner and continuous rotation of the sample to
improve the statistical representation of the sample.

XPS. X-ray photoelectron spectra were recorded on a
KRATOS Axis Ultra Xray photoelectron KRATOS Axis Ultra DLD
spectrometer equipped with a monochromated Al K, source
(hv = 1486.6 eV, spot size 0.7 mm x 0.3 mm). The detector was
a hemispherical analyzer at an electron emission angle of 90°
and a pass energy of 20 eV (high resolution spectra). For the
high-resolution spectra, the overall energy resolution, resulting
from the monochromator and electron analyzer bandwidths,
was higher than 800 meV. The C 1s binding energy of adventi-
tious carbon was taken as 284.6 eV. O 1s spectra were decom-
posed using Gaussian peaks after using the Shirley method of
background subtraction.

Vibrational spectroscopy. Infrared IR measurements of the
wet solids were recorded under nitrogen flow in an attenuated
total reflectance mode on a Bruker Tensor 27 spectrometer
equipped with a KBr beam splitter and a deuterated triglycine
sulfate (DTGS) thermal detector. Spectra were recorded and
processed using OPUS 7.5 software (Bruker, Karlsruhe,
Germany).

10 pL samples for Raman spectra were collected and dried
over an aluminium plate. Then Raman spectra were recorded
on a Renishaw inVia Qontor microspectrometer equipped with
a confocal microscope and an Olympus X50 objective (N.A =
0.55). It should be noted that a nitrogen atmosphere was used
to avoid exposure to oxygen. A 532 nm exciting radiation was
used with a laser power below 0.05 mW for all samples to
prevent their degradation. The spot area was a few pum?>.
Several locations were probed on each sample. The spectral
resolution was about 4 cm™" and the precision on the wave-
number was lower than 1 cm™.

SQUID. Magnetic measurements were performed at the
Institut de Physique et Chimie des Matériaux de Strasbourg
(UMR CNRS-Unistra 7504) using a Quantum Design
MPMS3 magnetometer. Magnetization measurements at
different fields at a given temperature confirm the absence of

This journal is © The Royal Society of Chemistry 2022
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ferromagnetic impurities. Data were corrected for the sample
holder and diamagnetism was estimated from Pascal constants.

Thermogravimetric measurements. TGA was performed on a
TG/ATD 92-16.18 SETARAM instrument. About 50 mg were
introduced into the cell under 2 L h™'Ar with 2° min™" ramp
from 20 to 600 °C. The mass loss was corrected with a refer-
ence analysis performed using a second heating ramp.

SEM. Scanning Electron Microscopy (SEM) analysis was per-
formed on a JEOL JSM-IT500HR, with a Field Emission Gun
(FEG). The powder sample was fixed on double face scotch
tape. The analysis was made under high vacuum, and we
settled on a 60 um diaphragm aperture. The voltages for ana-
lysis were from 2 kV to 5 kV. We used mainly the Secondary
Electron Detector (SED) for imaging the powder.
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