A two-dimensional manganese-containing coordination polymer

for efficient catalysis of the oxygen evolution

Shaista Ibrahim,! Muhammad Mohsin Saleem,! Muhammad Imran,! Waqas Ali Shah,! David.
B. Cordes,”> Alexandra M. Z. Slawin,”> Muhammad Arif Nadeem '*
I Catalysis and Nanomaterials Lab 27, Department of Chemistry, Quaid-I-Azam University,

Islamabad 45320, Pakistan

2 EaStCHEM School of Chemistry, University of St Andrews, St Andrews, Fife KY 16 9ST, U.

K.

M.A.N; manadeem@gqau.edu.pk, +92-51-9064-2062

Abstract
The structural stability of coordination polymers is very important to act as efficient catalysts.

A novel two dimensional manganese based coordination polymer [an(ox)(sqr)(dmso)z]n

(Mn-CP) {ox = oxalate, sqr = squarate, dmso = dimethylsulfoxide} has been fabricated,
keeping in consideration that the extensive delocalization of n-electron densities of both non-
innocent redox active ligands will make a manganese an efficient oxygen-evolving centre by
improving its poor intrinsic conductive nature. Mn-CP has displayed excellent OER
performance at neutral pH, exhibiting a current density (J) of 10 mA/cm? at an overpotential
(m) of 300 mV (vs. RHE), with a Tafel slope (TS) of 82.4 mV/dec in PBS (pH = 7.4). The
enhanced water oxidizing ability can be credited to the unique two-dimensional planer-
conducting layers of oxalates and squarates with Mn?" ions. FT-IR, PXRD and controlled
potential electrolysis (CPE) investigate that Mn-CP stays functional and structurally intact for

a period of 10 hours.
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Introduction

Electrochemical water splitting can be a feasible method to generate hydrogen which involves
oxygen and hydrogen evolution at anode and cathode, respectively. The oxygen evolution
reaction (OER) is particularly problematic for the generation of hydrogen as it involves various

proton-integrated electron movement (4H'/4¢") processes. [1].

Precious metals (Ir, Ru and Pt) and metal oxides have been expended as touchstone OER
electrocatalysts on account of their efficient kinetics for oxygen evolution process. However,
their large price, disintegration in acidic and alkaline media respectively, render their
deployment unfeasible at the industrial level [2, 3]. From this perspective, the exploration of
an inexpensive, proficient and robust electrocatalyst that work under neutral environments have
enticed greater interest owing to the benefits of low causticity/corrosion problems and copious

neutral water sources [4].

Inspired from the natural photosynthetic system, manganese (Mn) based catalysts such as
MnO/C composites and Mn-based metal organic frameworks (MOFs) have recently been
utilized in OER applications [5-7]. A sub-class of coordination polymers (CPs), metal-organic
frameworks (MOFs), are presented as auspicious water oxidation catalysts, with the possibility
to utilize their adjustable assemblies, large surface area, variable functionalities, high porosity
and numerous active sites [8-11]. In MOFs, uniformly distributed metal nodes serve as active
catalytic sites by virtue of their redox properties being tuned by the organic linkers. The linkers
also reduce the resistance of the system as well as offering greater anodic catalytic hotspots,
therefore augmenting the structural and performance stability of MOFs as electrode materials
[12-14].

Various manganese oxides have been utilized as electrocatalysts for OER. Recently, Liu et al
developed MnO/C nanorods by the thermal decomposition of Mn-MOF-74 and produced

twice the current density (20 mA/cm?) with almost the same overpotential (n = 329 mV) in



electrochemical water oxidation studies but they achieved this double current density by the
thermal decomposition of Mn-MOF-74 in 1 M KOH (pH=13/14) [15]. Similarly, MnO>
nanowires produced the same current density (J = 10 mA/cm?) with less overpotential (=262
mV) inside the pores of Ni MOF in 1 M KOH (pH=13/14) [16]. The electrochemical
measurements demonstrated that the possible synergistic effect of Ni MOF and MnO;
nanowires to OER activity and the presence of pyridine N and Ni** are also the factors which
could help facilitating the performance of OER whereas Mn-CP produced a current density (J)
of 10 mA/cm? at an overpotential (1)) of 300 mV at neutral pH (pH = 7.4) in as synthesized

form without the thermal decomposition of the polymer.

In another study, a hollow Mn2O3 nanotube array was prepared by calcining the same Mn-
MOF at different temperatures. However, in water oxidation reactions, Mn»Os3 in alkaline

medium produced J = 10 mA/cm? at n = 270 mV having TS = 85 mV/dec [17].

Another approach involves incorporation of manganese oxide into the porous structure of
MOFs. Lin et al improved the structural stability of MIL-101(Cr) by assembling a-MnO>
nanoparticles inside the pores by hydrothermal synthesis, which bring about an enhanced
electrochemical activity in water oxidation studies [18]. However, the poor inherent
conductivity of MnO> i.e. 10°-10° S.cm™ has restricted its utilization in direct power
applications [19]. Very recently, Butt et al used Mn-based CP {[Mn(0x)3][bap].(H2O)}. as
water oxidation electrocatalyst and obtained J = 10 mA/cm? in 0.1 M KOH solution as a
consequence of large n value i.e. = 404 mV having high TS value = 399 mV/dec [20]. The
structural design or choice of ligands within an electrocatalyst strongly influences their
catalytic behaviour. It was found that squarate and oxalate based polymers have shown better
thermal, conductive and electrochemical properties due to highly conducting layers of these

ligands [21].



Herein, the poor conductive nature of MnQO; is overcome by constructing a novel manganese

based coordination polymer, [Mn2(0><)(sqr)(dmso)2]n (Mn-CP), by assembling highly

conductive and electron donating oxalate and squarate linkers with Mn?*, The Mn-CP was
studied by linear sweep voltammetry (LSV), chronoamperometry (C.A), and controlled
potential electrolysis (CPE) to investigate various electrocatalytic water oxidation parameters
(overpotential, Tafel slope, TOF and stability). Mn-CP exhibit J = 10 mA/cm? with a TS =
82.4 mV/dec at n = 300 mV in neutral conditions (pH = 7.4). To the best of our information,
no manganese-based CP has been used as a water oxidation catalyst at neutral pH without

calcining or pyrolyzing the CP.
Experimental

Preparation of [Mn, (ox)(sqr)(dmso) ] (Mn-CP)

To a DMSO solution (5 mL) of MnCl>-4H>0 (0.198 mg, 1 mmol), a mixture of oxalic acid
trihydrate (0.07204 g, 0.5 mmol) and squaric acid (0.05703 g, 0.5 mmol) dissolved in DMF (5
mL) was added and the solution was stirred for 20 min. Following this, the solution was
transferred to a glass vial that was sealed and heated at 90 °C in an oven for three days. The
colourless crystals obtained after vacuum filtration were washed (by ethanol and DMSO) and
dried. Anal. calcd. For C1oH12Mn2010S2, C, 25.76 %; H, 2.59 %; S, 13.76 %. Found: C, 25.70
%; H, 2.53 %; S, 13.72 %. Selected FTIR (cm™): 3333 brs, 1637 m, 1489 intense, 1310 's, 1002

m, 967 s, 785 s, 718 5,497 5,414 s.
Preparation of Mn-CP coated FTO working electrode

A glass slide (area = 1x 2 cm?) coated with fluorine-doped tin oxide (FTO) was first cleaned
through agitating in saponaceous mixture, deionized water coupled with isopropanol,
sequentially. The cleaned electrode was annealed in a furnace for one hour at 400 °C. The

catalyst ink was formulated by adding Mn-CP (5 mg) to a mixture of analytical grade ethanol



(1.5 mL) and Nafion (25 pL) and sonicated for 3 h. The resulting ink was then drop cast onto
the annealed FTO electrode, dried for the night at 70 °C and preserved in a desiccator afore

conducting electrocatalytic water oxidation investigations.

Electrochemical measurements

Three-electrode system (a Pt wire as counter electrode, Ag/AgCl (3.0 M KCl) as reference
electrode and a Mn-CP modified FTO as working electrode) was deployed to perform
electrochemical studies under ambient conditions. Nernst equation (Eq. 1) was used to convert
potentials against reversible hydrogen electrode (RHE), which are recorded against Ag/AgCl

reference electrode [22-24].

EruE = 0.1967 + 0.0592 X pH + EAg/AgCl .. oovvviniiiii (1)
Where Erne is the transformed potential vs. RHE, Eagagci is the observed potential recorded
against Ag/AgCl reference electrode, and 0.1967 is the standard potential of Ag/AgCl at 25
°C.
The pH of the solution was kept 7.4 by PBS tablets (one PBS tablet provides 137 mM NaCl,
2.7 mM KCI, 10 mM phosphate buffer solution and pH 7.4 in 200 mL water at 25 °C). The
electrolytic solution was purged with N2 gas for 30 minutes. Linear sweep voltammetry carried
out in a potential window of 0-1.5 V wvs. Ag/AgCl at a scan rate of 10 mV/s.
Chronoamperometry was performed in the range of 0.7-1.35 V vs. Ag/AgCl with a difference
0f 0.02 V to measure overpotential and Tafel slope. Controlled potential electrolysis (CPE) was

performed for 10 hours at a constant potential of 1.5 V vs. RHE.

Results and discussion

Single crystal XRD investigation
Selected crystallographic data is presented in Table 1 while selected bond lengths and bond
angles are depicted in Table S1. The structure of Mn-CP was found to adopt the space group
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Pnnm, having an empirical formula of [Mn2(0x)(sqr)(dmso)2], and an asymmetric unit of a half
of a manganese, a quarter each of the oxalate and squarate, and half of the dmso. In Mn-CP,
the oxalato ligand adopted a fascinating p4-bridging coordination approach and chelating to
two Mn centres with an anisobidentate mode of attachment [Mn1-01=2.255(18) A and Mn]1-
02=2.202(2) A] by constructing two five membered Mn-O-C-C-O metallacyclic rings with

bite angle of 73.95(7)°.

Table 1: Crystallographic parameters of Mn-CP

Mn-CP

Empirical formula Ci10H12Mn2010S2 Density / g cm™ 1.881
Molecular weight 466.19 Reflections collected 8335
Crystal description Colourless chip Independent reflections 814
Crystal size / mm? 0.03 x0.01 x0.01 | Rint 0.0402
Crystal system Orthorhombic Parameters, restraints 78,2
Space group Pnnm GoF on F? 1.080
alA 18.8158(13) R; (all data) 0.0267
b/A 59111(4) R; [1>206(1)] 0.0246
c/A 7.3983(5) Volume / A3 822.85(10)
wR; (all data) 0.0635 WR> [1 = 206(])] 0.0625

This asymmetric binding mode for the oxalate moiety is also displayed in the oxalate C-O
bonds, as a longer C-O bond [1.258(3) A] is associated with the long Mn-O bond [2.255(18)
A] and likewise shorter bonds associating [C-O = 1.240(3) A, Mn-O= 2.202(2) A]. This may
be due to variations in shifting of electron density from C-O toward metal centre. Additionally,
it is worth noting that this oxalato moiety is further attached to two Mn centres via p2-O1 atoms
in a frans manner such that an inversion centre lies in the middle of its C-C bond. The disparate
attachment of both p-O1 to two Mn centres [Mn1-O1=2.255(18), 2.198(18)] from opposite

sides additionally fabricates four membered Mn1-O1-Mn1-O1 metallacyclic rings [Mn1-O1-



Mnl angle = 103.73(7)°]. Thus, the bridging of the oxalato ligands between four metal centres
generates a 1D polymeric chain along the b-axis, in which each Mn-atom adopts distorted
octahedral geometry [MnQOg]. The equatorial plane of the manganese octahedron is defined by
three coordination oxygens from two chelating oxalato ligand via two p2-O atoms and a
monodentate oxygen, while the fourth position is occupied by the O-atom of coordinated
DMSO. The deviation of O1-Mn1-O2 bond angle from ideality is due to small bite angle of
the chelating oxalato ligand. The apical positions of the octahedron are occupied by the
squarate ligand binding in a ps-isotetradentate manner. Thus, the squarate ligand links 1D
chains of Mn-oxalate to fabricate a 2D network in the bc-plane having a rectangular grid
topology (Figure 1a). The in-plane distance between Mn atoms bridged by oxalate was 7.40 A
and the distance between those bridged by squarate was 5.91 A. Despite the apparent potential
pores in these sheets, these are blocked by the offset stacking of adjacent sheets, such that the

capping DMSO molecules protrude into the rectangular gaps within the sheets, filling them.
PXRD and TGA investigations

PXRD analysis was used to determine the purity of the Mn-CP. All the diffraction patterns of
synthesized Mn-CP are in good agreement with the simulated one obtained from the single

crystal data (Figure 1b).

Thermogravimetric studies of Mn-CP show no apparent mass loss up to about 350 °C,
confirming the absence of any readily removed solvent moiety in the framework (Figure 1c¢).
A sudden mass loss (about 58.2 %) occurred in the temperature range of 350-450 °C,

suggesting the removal of organic components, giving MnO as a residue.
Electrocatalytic Water Oxidation Studies

Both oxalate and squarate exist in different canonical forms (Scheme S1). The extensive

delocalization of m-electron density in these two organic linkers make them non-innocent redox
7



active ligands and further enables manganese to act as an efficient oxygen evolving centre not
only by improving its inherently poor conductive nature but also by allowing switching of the
+2 valence state of Mn into higher ones. Consequently, the Mn ions remain firmly bound in
the 2-D coordination polymer in different stages of electrochemical water oxidation processes.
The existence of oxygen atoms in the first coordination sphere retards the rate of catalyst

disintegration [25, 26].
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Figure 1: a) View of a section of one sheet of Mn-CP viewed lying in the bc-plane. (Mn =

violet, O =red and C = grey). DMSO molecules (except oxygen) have been omitted for clarity.

b) Comparison of a simulated and observed pattern of Mn-CP. ¢) Thermogram of Mn-CP.
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Linear sweep voltammetry of a Mn-CP coated modified FTO electrode shows a significant
rise in the current at 1.3 V vs. RHE, attributable to catalytic oxygen evolution (Figure 2a). The
chronoamperometry measurements are carried out over a voltage range of 100 — 260 mV vs.
RHE that displayed a straight line trend between the overpotential () and log of current density
(J). Comparison of the electrocatalytic performance of Mn-CP with that of reported Mn based
electrocatalysts (Table 2) indicates that Mn-CP has promising water oxidation kinetics. The
Tafel slope of the Mn-CP coated FTO electrode, obtained from log(j) vs. n, was found to be
82.4 mV/dec (Figure 2b). This value of Tafel slope is lower than those of the reported Mn,03
nanoarrays (85 mV/dec) [17], dandelion-like a-MnO> (155 mV/dec) [27], urchin-like a-MnO>
(210 mV/dec) [27], prismatic a-Mn2O3 (146 mV/dec) [28], MnOx (120 mV/dec) [29] and
higher than those of the Ni-MOF-MnO> composite nanoparticles-nanowires (69.46 mV/dec)
[16], MnO,-KIT-6 hexagonal-pore nanostructure (60 mV/dec) [30], Mn-CoP nanosheets (76
mV/dec) [31], CoMnP nanoparticles (61 mV/dec) [32], porous a-Mn203 (50 mV/dec) [33],
Mncat (80 mV/dec) [34] and MnO/C nanorod arrays (70.02 mV/dec) [15]. In order to obtain J
= 1 mA/cm?, the required overpotential is 218 mV (vs. RHE), which is quite low as compared
to 6-MnO; (n =724 mV) [35], MnPi (n =563 mV) [36], MnsOg (n =550 mV) [37], MnOx (q
=485 mV) [29], Mn2Ln; (Ln = Dy, Gd; n = 880 mV) [38] and Mncat catalysts (n = 590 mV)
[34]. In order to attain a current density of 10 mA/cm?, the overpotential required was 300 mV
(vs. RHE), which is also quite low in comparison with those seen for MnO,-KIT-6 hexagonal
pore nanostructure (n = 610 mV) [30], Mn oxide (n = 1770 mV) [39], Mn203 at 450 °C (n =
387 mV) [40], B-manganese oxide (n = 500 mV) [41], dandelion-like a-MnO; (n = 550 mV)
[27], urchin-like a-MnO> (n = 640 mV) [27], MnO-150 nm (n = 463 mV) [42], CoMnP
nanoparticles (n = 330 mV) [32] and higher than Ni-MOF-MnO> composite nanoparticles-
nanowires (1 =262 mV) [16], Mn203 nanoarrays (n =270 mV) [17] and Mn-CoP nanosheets

(m =270 mV) [31]. The surface concentration of Mn-CP in the modified FTO electrode was



utilized to calculate the turn over frequency (TOF), see the Supporting Information for detail.
In order to produce a TOF of 1.32x10*s™!, an overpotential of 225 mV is required (Figure 2c),

which is less than that of Mn polypods (qn =350 mV) [43].

To gain insight into the stability of the Mn-CP modified electrode, controlled potential
electrolysis (CPE) was conducted at 1.5 V vs. RHE for a period of 10 hours. After a minor
increase initially, the current density maintained at a constant value (Figure 3a). Inset in Figure
3a shows the images of Mn-CP modified FTO electrodes before and after catalytic

performance.

The recoverability of the catalyst was assessed by performing comparative investigation of
LSV, PXRD and FTIR patterns of pristine and post-catalytic Mn-CP modified electrodes
(Figures 3b, 4a and 4b respectively). No considerable dissimilarities in LSV, PXRD and FTIR
patterns of pristine and post-catalytic Mn-CP modified electrodes were seen, signifying the

firmness and retention of catalyst after the oxygen evolution process.
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All electrochemical measurements are carried out in phosphate buffer saline solution (pH =

7.4)
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Table 2: Summary of the electrocatalytic performance of Mn-CP with that of reported Mn

based electrocatalysts.

Tafel
Compound name slope m 1 Electrolyte Substrate Ref.

(mV/dec) (mV) (mA/cm?)
Mn-CP 82.4 218 1 PBS FTO This study

300 10

IrO, 61 470 10 1 M KOH Au-RDE 2015 [44]
{[Mn(ox)32][bap].(H20)}x 399 404 10 0.1 M KOH FTO 2020 [20]
Ni-MOF wrapped MnO, nanowires 69.46 262 10 1 M KOH RDE 2018 [16]
MnPi _ 563 1 0.05 M PBS GC 2019 [36]
MnO Nanoparticles 70.1-82.6 530 10 0.5 M PBS FTO 2017 [42]
a-MnO»/MIL-101(Cr) composite nanoparticles = 900 22 0.1 M KOH Carbon paper @ 2014 [18]
MnO, _ 600 0.03 0.5 M Na,SO4 FTO 2012 [45]
Mn-CoP nanosheets 76 290 10 1 M KOH GC 2018 [31]
a-Mn,O; prisms 146 956 0.1 0.1 M KOH GC 2016 [28]
MnO,-KIT-6 hexagonal pore nanostructure 60 610 10 0.1 M KOH GC 2018 [30]
CoMnP nanoparticles 61 330 10 1 M KOH GC 2016 [32]
8-MnO» - 724 1 0.5 M NaSO4 FTO 2012 [35]
MnyO3 NAs 270 10 1 M KOH Ni foam 2019 [17]

85 320 20
Mn;3(PO4)2 _ 680 0.316 0.5M PBS FTO 2014 [46]
LiMnP,0O- _ 680 0.5 0.5M PBS FTO 2014 [47]
Mn;sOs _ 550 1 0.3 M PBS FTO 2015 [37]
MnOx _ 330 1 1.0 M PBS FTO 2017 [48]
MnO nanocatalysts 149 580 10 0.1 M KOH RDE 2015 [43]
a-MnO; dandelion-like 155 550 10 0.1 M KOH 2017 [27]
a-MnO; urchin-like 210 640 10 0.1 M KOH 2017 [27]
Porous a-Mn,0Os3 50 340 8 1 M KOH FTO 2017 [33]
MnO,/CNT _ 570 8 0.1 M PPB GC 2012 [49]
B-manganese oxide _ 500 10 1 M NaOH FTO 2013 [41]
Mn,O; (at 450 °C) 69.3 387 10 1 M NaOH FTO 2016 [40]
MnO/C nanorod arrays 70.02 329 20 1 M KOH Ni foam 2018 [15]

300 10

MnyLn; (Ln = Dy, Gd) _ 880 1 PBS FTO 2018 [38]
MnOx 120 485 1 0.1 M PBS ITO 2013 [29]
Mncat 80 590 1 0.1 M PBS ITO 2012 [34]

n = Overpotential, I= Current density
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Conclusions

A novel two dimensional manganese based coordination polymer [an(ox)(sqr)(dmso)z]n

(Mn-CP) has been prepared by solvothermally reacting oxalic acid and squaric acid organic
linkers with MnCl;-4H,O in a DMSO/DMF solvent mixture. The new material was
characterized by various techniques including single crystal XRD, PXRD, FTIR and TGA
studies. A Mn-CP modified FTO electrode displayed excellent performance in water oxidation

studies at pH = 7.4, requiring n = 300 mV vs. RHE to attain a J = 10 mA/cm?, with a TS = 82.4
mV/dec, lower than many known water oxidation electrocatalysts. An overpotential of only

225 mV vs. RHE is required to produce a TOF of 1.32x10™* s™!. This high performance can be
credited to the unique two dimensional planer conducting layers of oxalates and squarates in
the crystalline coordination polymer whose highly conjugating m-electron densities make
manganese an efficient oxygen evolving centre by improving its poor intrinsic conductive
nature and by allowing it the flexibility to achieve higher oxidation states. Controlled potential
electrolysis (CPE) was conducted at a constant voltage 1.5 V (vs RHE) for a period of 10 hours
in which current density remained constant without any change. Comparative investigations of
PXRD and FTIR plots showed no divergences of pristine Mn-CP modified electrodes with
those of post-catalytic electrodes, representing the stability and remanence of crystal structure
after the oxygen evolution process. This study opens a new path of fabricating cutting edge

robust and proficient water oxidation catalyst centred on metals having high natural reserves.
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