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Abstract

Two divalent manganese aminophosphonates, manganese mono(nitrilotrimethylphosphonate)
(MnNP3) and manganese bis(N-(carboxymethyl)iminodi(methylphoshonate)) (Mn(NP2AH)z2),
have been prepared by mechanochemical synthesis and characterized by powder X-ray
diffraction (PXRD). The structure of the novel compound Mn(NP2AH)2 was determined from
PXRD data. MnNP3 as well as Mn(NP2AH). exhibit a chain-like structure. In both cases, the
manganese atom is coordinated by six oxygen atoms in a distorted octahedron. The local
coordination around Mn was further characterized by Extended X-Ray Absorption Fine
Structure (EXAFS). The synthesis process was followed in situ by synchrotron X-ray
diffraction revealing a three-step reaction mechanism. The as-prepared manganese(ll)
phosphonates were calcined on air. All samples were successfully tested for their suitability as

catalyst material in the oxygen evolution reaction (OER).
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Scheme 1: Reaction scheme for the synthesis of
the compounds (1) and (2) and catalysis[9]. Especially transition metal
phosphonates are possible (pre)catalysts for oxygen evolution reaction in water electrolysis[10-
12]. Typically, metal phosphonates are synthesized in hydrothermal reactions[13]. Here, we
present mechanochemistry as an efficient and sustainable alternative to the classical solution
synthesis. To gain insight in the reaction pathways, in situ methods were recently developed,
monitoring mechanochemical reactions in real-time by synchrotron XRD and/or Raman
spectroscopy[14-16]. Here, we present the synthesis of two Mn(Il)-phosphonates with different
organic ligands (Scheme 1). The manganese mono(nitrilo-trimethylphosphonate) MnNP3 (1) is
a known compound and has been synthesized in a hydrothermal reaction by Clearfield et al[17].
Compound (2), a manganese(ll)-complex including N,N-Bis(phosphonomethyl)glycine as a
ligand could be structurally characterized for the first time. The structure of (2) was determined

from powder X-ray diffraction (PXRD) data. The formation of both compounds was



investigated in situ and a possible mechanism for the synthesis of both compounds is proposed.
Furthermore, both compounds were calcinated to gain N-, P- and Mn-doped carbon black.
EXAFS spectra of the starting compounds and of the calcinated species were collected, so
information about the structural changes in the environment of the Mn-atom due to calcination
could be acquired. Both Mn samples are applicable in the electrocatalysis of the oxygen
evolution reaction (OER) and thus promising non-noble metal alternatives to the commercially-
applied catalysts in water electrolysis. Preliminary results in alkaline media before and after the

samples’ calcination are presented.
Experimental section
Chemicals

The following chemicals were used without further purification: manganese(ll) acetate
tetrahydrate (>99,0%, Fluka Analytical), nitrilotri(methylphosphonic acid) (>97,0%, Sigma
Aldrich), N,N-Bis(phosphonomethyl)glycine (>98,0%, Sigma Aldrich).

Synthesis of MnNPs (1)

The synthesis was performed in a vibrational ball mill (Pulverisette 23, Fritsch, Germany).
Manganese acetate tetrahydrate (270.3 mg, 1.10 mmol) and nitrilotri(methylphosphonic acid)
(329.7 mg, 1.10 mmol) were added into a stainless steel jar (V = 10 mL). 200 pL of water was
added. The grinding was performed at 50 Hz for 15 min using two stainless steel balls

(@ =10 mm, m = 1.0 g). The damp product was dried in air to obtain a white powder.
Synthesis of Mn(NP2AH)2 (2)

Manganese acetate tetrahydrate (190.7 mg, 0.78 mmol), N,N-Bis(phosphonomethyl)glycine
(409.3 mg, 1.56 mmol) and 200 pL of water were added into a stainless steel vessel. The
grinding was performed under the same conditions as for compound (1). The grey damp product

was dried in air and a light grey powder was obtained.
Analytical techniques

The powdery reaction products were characterized by PXRD. The samples were measured in
transmission geometry mode at a D8 diffractometer (Bruker AXS, Germany) using Cu Kqi
radiation. The patterns were collected in a 20 range from 5° to 60° with a step size of 0.008°.
For the structure solution of (2), the time per step was increased to 8 s. The indexing was
performed with the TOPAS software[18]. Afterwards, the structure was solved using the

simulated annealing procedure implemented in DASH[19]. The final Rietveld refinement was



carried out in TOPAS. The in situ investigations of the reaction process were carried out at the
synchrotron Bessy Il (Helmholtz Centre for Materials and Energy, Germany). An adjusted
vibrational ball mill and custom-made Perspex jars (V =10 mL) were used. The details of the
experimental setup have been described previously[16]. The milling conditions remained
unchanged. The detection was carried out by a two-dimensional MarMosaicCCD detector. The
EXAFS (extended X-ray absorption fine structure) spectroscopy measurements were performed
at the BAMlIine (Bessy-Il, Helmholtz-Zentrum Berlin, Germany)[20]. The beam was
monochromatized using a double-crystal monochromator (DCM). The X-ray beam size was
5 mm x 1 mm. The measurements were performed at the respective K edge (Mn: 6539 eV) in
transmission mode. The excitation energy was varied from 6481 eV to 7084 eV, with a 0.5 eV
energy step width in the near-edge region and 0.04 A for the k-space in the EXAFS region. To
obtain a proper sample thickness, the analyzed substances were mixed with boron nitride and
fixed in plastic sample holders. EXAFS data were processed by using ATHENA and
ARTEMIS. These GUI programs belong to the main package IFEFFIT (v. 1.2.11)[21]. The
MnNP3z and Mn(NP2AH)2 phases were theoretically modeled and fitted to the measured spectra,
respectively, using ARTEMIS. Electrochemical testing of the two samples was carried out in a
cyclic voltammetry (CV) experiment, employing a three-electrode aqueous electrochemical cell
using a Pt-mesh as the counter and silver chloride electrode (sat. KCI) as the reference and an
RDE as the working electrode. As electrolyte, 50 mL of 0.1 M KOH (Fisher scientific,
analytical reagent grade) was used at room temperature and purged with N> for at least 10 min
before each measurement. The working electrode was prepared by adding 10 ul of an ink onto
a glassy carbon disk. The ink was prepared via grinding of 2 mg of the catalyst together with
4 mg of carbon black (Vulcan XC 72, Cabot) to ensure suitable electronic conductivity. The
mixture was then dispersed in the ink base, which consists of an equivoluminal solution of water
(MilliQ®, 18.2 MQ) and dimethylformamide (DMF, Acros Organics, analytical reagent grade)
with 0.7 vol-% Nafion (DuPont D2021), using a sonotrode to form a homogenous ink. The ink
was pasted on a GC disk and left to dry into a uniform film. The such prepared working
electrode was rotated at 1600 rpm, while scanning the potential from 0 to 1 V vs reference with
a scan rate of 20 mV/s. The activity of the materials for catalyzing the OER was investigated
after a conditioning step, in which the electrode was cycled between -0.6 and 0.6 V vs reference
for 20 cycles. The performance of the catalyst was compared to that of ruthenium(1V)-oxide
with the same mass loading on the electrode tip.



Results and discussion

Syntheses and structure characterization

Table 1 Crystal data of the compounds MnNP; (1) and Mn(NP2AH); (2)

MnNP3

Mn(NP2AH).

Chemical formula

Mn[HN(CH2PO3H)3(H20)s]

Mn[(HO2CH2C)NH(CH2PO3H).]2*2H20

Crystal system monoclinic triclinic
calculated [17] | obtained

Space group P2i/c P2i/c P1

v/ A3 1315.75 1318.29 552.806

al A 9.2834 9.2846 5.58906(11)

b/ A 16.027 16.0685 | 10.6986(3)

o/ A 9.7742 10.1939 | 9.6342(3)

o/ ° 103.310(2)

B/ ° 115.209 119.91 80.652(2)

y/° 94.122(2)

Rwp 3.30

RBragg 1.07

GOF 2.57

Both manganese phosphonates were synthesized by liquid assisted grinding. A quantitative

conversion of the starting materials is indicated by the absence of the respective reflections in

the diffractograms of the products. The formation of (1) was verified by comparing the obtained

PXRD pattern with the calculated pattern from the known structure (Fig. 1). The structure of

(2) was solved from PXRD data. The parameters of the unit cells are summarized in Table 1.




Structure of MnNPs3 (1)

MnNP,,
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Figure 1 Obtained and calculated XRD patterns for
compound (1).

50

Compound (1) is a coordination polymer
consisting of one-dimensional chains[17]. The
crystal structure is isomorphic to the analogous
Co-containing compound synthesized and
characterized by Guan and Wang[22] and is
shown in Fig. 2a along the b-axis. The
manganese ion is surrounded by six oxygen
atoms in a distorted octahedron. The
coordination polyhedron is shown in Fig. 2b.
Three of the oxygen atoms are provided by
three phosphono-groups from two ligands.

One of the ligands is twofold coordinated on

the metal ion. Three water molecules complete the coordination sphere. The single MnQOs-

octahedra are interconnected in two ways. A short connection arises from a single phosphono-

group coordinating with two oxygen atoms to two different metal ions. The second connection

is built with two phosphono-groups of the same ligand bound to two different metal ions.

Accordingly, the ligand is bound in n-p2-coordination mode.

Figure 2 a) Crystal structure and b) coordination polyhedron for Mn?* in MnNP3. Violet: manganese, orange:

phosphorus, red: oxygen, blue: nitrogen, grey: carbon, light grey: hydrogen.



Structure of Mn(NP2AH)2 (2)

Figure 3 a) Crystal structure and b) coordination polyhedron for Mn?* in Mn(NP2AH).. Violet: manganese,

orange: phosphorus, red: oxygen, blue: nitrogen, grey: carbon, light grey: hydrogen.

The crystal structure of (2) was determined from powder X-ray data and is depicted in Fig. 3a
along the c-axis. The final Rietveld refinement is shown in Fig. 4. Mn(NP2AH). crystallizes in
the space group P1. The parameters of the unit cell can be found in Table 1. The stoichiometry
of the compound is 1:2, namely there are two ligand molecules per metal ion. The ligand exists
as zwitterion: both phosphono-groups are deprotonated, while the N-atom is protonated. The
Mn?* ion is coordinated by six oxygen atoms in a distorted octahedron. All oxygen atoms are
provided by phosphono-groups of the ligand, the carboxy-group is protonated and not
participating in the coordination. Two phosphono-groups of two different ligands connect the
octahedra in the center plane, whereby eight-membered rings between the metal ions are
formed. Additionally, both ligands chelate the metal centers at their vertices, resulting in Mn1-
01-P1-C1-N1-C2-P2-O4 rings. This type of connection occurs only in one direction.

Consequently, the structure consists of one-dimensional chains.
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In situ studies

The syntheses were investigated in situ by synchrotron XRD. For this purpose, the syntheses
were carried out in a Perspex jar without altering the reaction conditions. The same products
were formed as in the steel jar. The whole reaction process can be subdivided into three steps.
The 2D plot of XRD patterns for the formation of (1) is presented in Fig. 5a. The reflections of
the starting materials can be detected during the first 90 s of the milling process (step 1). The
reflections vanish and introduce a short reaction step characterized by the absence of crystalline
materials (step 2). After an overall milling time of 2 minutes, reflections at 26=15.2°, 24.4° and
24.8° appear, indicating the formation of the product (1). In Fig. 5b, the 2D plot of the XRD
patterns collected during the synthesis of (2) is depicted. The initial reflections belonging to the
starting materials disappear after 30 s of milling (step 1). For the next 6 minutes, no reflections
can be detected. The second step of the reaction does not include crystalline phases. The final
step begins at 6.30 min and is characterized by reflections at 26 = 8.4° and 11.2°, indicating the
formation of the product (2). These reflections belong to the carboxy- and phosphono-groups
of the ligand being preordered. Additional product reflections at 26 = 21.0° and 22.9° occur

later during the third step. These reflections arise from the atomic planes built by oxygen atoms



from the MnOe-octahedra. For that reason, it can be assumed, that the ligand molecules are

reordered before the metal center is bound and the final product becomes completely crystalline.
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Figure 5 2D plot of the synchrotron XRD data a) for the synthesis of (1) and b) for the synthesis of (2).
Mn(OAc), — manganese (I1) acetate tetrahydrate, NP3 — nitrilotri(methylphosphonic acid), NP,AH —
N,N-Bis(phosphonomethyl)glycine.



Thermal treatment

EXAFS measurements were performed to validate the coordination environment around the

manganese ions. The EXAFS spectra are shown in Fig. 6 in magnitude and real space, the fit
parameters are summarized in Table 2.

Experimental data
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Figure 6 Mn K-edge EXAFS data shown in both magnitude and real space for compounds: (1) MnNP3 (1)
and (2) Mn(NP2AH): (2).

For the manganese nitrilotri(methylphosphonate) (1), a coordination number (CN) of 5-6 is
observed (Fig. 6, upper row) at the first shell. This is also confirmed by the simulated scattering
paths at distances between 2.12 A and 2.23 A (Table 2). For compound (2), a CN of 6 can be
found (Fig. 6, lower row) at the first shell. This is also confirmed by the simulated scattering
path (Mn-O) at a distance of 2.18 A (Table 2). The second coordination shell could be fitted in
good agreement with the simulation as well. A coordination number of 2 is observed (Fig. 6,

lower row), which is confirmed by the simulated scattering path (Mn-P) at a distance of 3.6 A.



Table 2 EXAFS fit parameters of 1 and 2. N corresponds to the degeneracy of scattering paths at each specific

interatomic distance. The Root Mean Square Error (RMSE) was calculated and presented as well.

Sample Scattering path N | Rmodet (&) | Riit (A) | Raif? (&) | RMSE (A)
Mn-0O4 2 2.124 2.070 0.002916
Mn-012 1 2.168 2.113 0.003025
Mn-O1 2 2.209 2.155 0.002916
Mn-O10 1 2.236 2.182 0.002916
Mn-H16 2 2.659 2.604 0.003025
(1) Mn-H15 3 2.720 2.666 0.002916 0.303
Mn-P2 1 2.247 3.192 0.893025
Mn-P1 1 3.313 3.258 0.003025
Mn-06-P2 2 3.442 3.387 0.003025
Mn-0O4 1 3.443 3.388 0.003025
Mn-018.1 6 2.1818 2.20716 | 0.00064313
Mn-P12.1 2 3.4372 3.46256 | 0.00064313
Mn-P7.1 2 3.5404 3.56576 | 0.00064313
Mn-019.1-P12.1 4 3.5629 3.58826 | 0.00064313
Mn-P7.2 2 3.6086 3.63396 | 0.00064313
Mn-016.1-P7.1 4 3.6111 3.63646 | 0.00064313
Mn-018.1-P7.2 4 3.6366 3.66196 | 0.00064313
@) Mn-018.1-P7.2-018.1 | 2 3.6645 3.68986 | 0.00064313 0.02536
Mn-016.1-P7.1-016.1 | 2 3.6817 3.70706 | 0.00064313
Mn- 019.1-P12.1-019.1 | 2 3.6887 3.71406 | 0.00064313
Mn-018.1-016.1 12 3.7103 3.73566 | 0.00064313
Mn-016.1-019.1 8 3.7704 3.79576 | 0.00064313
Mn-027.1 2 3.8089 3.83426 | 0.00064313
Mn-N2.1 2 3.9888 4.01416 | 0.00064313
Mn-C3.1 4 4,0422 4.06756 | 0.00064313
Mn-020.1 2 4,0482 4,07356 | 0.00064313




a} Sample (1) calcinated 6+ b} Sample (2) calcinated
5 —— Sample (1) —— Sample (2)

b
1 ]
= @
Z =

0 1 2 3 4 5 1 2 3 4 5 6

R (A) R(A)

Figure 7 EXAFS spectra before and after calcination of both samples: a) MnNP3 (1) and b) Mn(NP2AH); (2).

The EXAFS spectra are consistent with the crystal structure of the compounds containing Mn
atoms in octahedral environment of 6 oxygen atoms. The analyzed samples were calcinated
under 600 °C for 1 h. The corresponding DTA/TG curves are shown in Fig. S1. For the
measurements, an open Al>Os jar was used. The temperature was increased with a heating rate
of 10 K mint. The heating first leads to the loss of water molecules as an endothermic effect.
Later, the combustion of the organic fraction is visible as an exothermic process. In Fig. 7,
EXAFS spectra of both substances prior and after calcinations are presented. The coordination
number at the first shell decreases to 4 for both samples. Furthermore, the connection Mn-P at
the second coordination shell of compound 2 vanishes, so the EXAFS data indicate changes in
the crystal structure. The XRD patterns of the calcinated species strongly differ from the powder
patterns of the pure compounds. In both cases, no reflections of the products can be seen in the
XRD after the calcination, indicating the complete dissipation of the original crystal structure
(Fig. S2). New crystalline structures are built due to high temperature. The XRD patterns of the
calcinated compounds are characterized by a prominent reflection at 9.2° 26. The PXRD data
for the calcinated (2) are determined by amorphous contributions. Few reflections denote the
presence of also crystalline phases in the mixture. It is assumed, that the new crystalline phases
are different manganese oxides. The calcinated products are under further investigations. The
potential of both materials in their uncalcinated as well as calcinated state for catalyzing the
oxygen evolution reaction (OER) was assessed using a standard electrochemical approach.
Commercially-available water electrolyzers still rely on expensive noble metals (e.g. iridium).
That is why recent research focusses on finding more earth-abundant alternatives to substitute
them, in particular in the rather sluggish oxygen reaction. Only recently, Melder et al. [23]
reported on the suitability of different MnO,/C samples for OER electrocatalysis. Fig. 9 shows
voltammograms of both Mn samples in their pristine and calcinated state measured in alkaline



electrolyte. The activity of the samples towards the OER is evident from cyclic voltammetry
measurements, even though the overpotential is significantly higher than that of ruthenium(IV)-
oxide, which was measured in identical conditions as a standard material. While the onset of
oxygen evolution for this standard is already at 0.5 V vs Ag/AgCl, for the Mn samples the
current density increases significantly only after 0.65V vs Ag/AgCl (Fig. 9a). Thermal
treatment tends to enhance the overall performance of the catalyst, measured by the apparent
current density, which e.g. for MnNPs increases from 4 mA/cm2 1% cycle to more than
8 mA/cmz2. However, the activity declines constantly with every consecutive cycle and - after
the 10" cycle - is by several times smaller than in the 1% cycle. It is noteworthy, that the choice

of the respective pristine Mn seems to have only a negligible influence on its OER activity.

RuO, Rud,
6.0 MnNP, 1% cycle 7 804 MnNP,c 1" cycle 1
------- MANP, 10" cycle peesess MANP,C 10 cycle
Mn{NP_AH), 1% cycle 604 Mn{NP_AH) c 1" cycle -
'E 404 e Mn(NPAH), 10" cycle 4 "E ------- Mn(NPAH).c 107 cycle
ry T 404 4
= o | =
204 4
0.0+ — - e E 0.04 e
00 02z 04 06 08 10 00 02z 04 06 08 10
E vs. Ag/AgCI [V] E vs. Ag/AgCI [V]
Fig. 9a CV curves of uncalcinated samples | Fig. 9b CV curves of calcinated samples

Conclusions

Two divalent manganese(ll) aminophosphonates were synthesized by liquid-assisted grinding
from manganese(l1) acetate tetrahydrate and the corresponding phosphonic acids. The products
were characterized by PXRD and the structure of the novel compound Mn(NP2AH). was solved
from powder diffraction data. In situ XRD studies showed that the formation pathway of both
manganese(ll) phosphonates passes through a non-crystalline phase. The potential of both
materials for catalyzing the oxygen evolution reaction was tested leading to promising results.
The catalytic performance of the manganese phosphonates could be improved by previous
thermal treatment. By calcination, several structural changes in the material are induced. The
EXAFS spectra indicate that the coordination number of the Mn atoms decreases, providing

new binding sites for the reactants. Furthermore, the single atoms are pre-ordered in the metal



phosphonate. This pre-order is assumed to be maintained in the calcined species. As a result, a
highly dispersed material is generated. In addition, the calcination process leads to a reduction
of the particle size and therefore, the calcined material can have properties different from the

bulk. The structure determination of the calcinated species is subject of ongoing investigations.
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