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RESEARCH FOCUSES ON OVERCOMING
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However, important features of the OEC’s catalytic cycle for water oxidation seem to be agreed upon by now, such as the fact that during catalysis of the four-electron reaction (2), the OEC cycles through five different oxidation states. These states are separated from each other by single-electron oxidations and are commonly denoted S0 from the most reduced to S4 as the most oxidised state. Most of these oxidations are Mn-centred with manganese being oxidized from its MnIII to the MnIV oxidation state. The average manganese oxidation state during the entire S-state cycle has been determined to stay between Mn3.0 and Mn4.0. Only the fourth oxidation to generate the water-oxidizing state S4 could very likely be an oxygen-centred process leading to the formation of a reactive oxyl (O∑- ) radical intermediate with an oxygen oxidation state O-I . Otherwise oxygen-centred oxidation steps, for example to generate peroxido-intermediates, are avoided by PSII as they would be very energy demanding. Multiple studies have also demonstrated that the removal of four electrons from the OEC at ~+1 V is energetically only possible if the oxidation steps are accompanied by proton release from the aquo/hydroxido ligands. This results in a higher number of m-O ligands for higher S-states and, most importantly, charge compensation via proton coupled electron transfer (PCET) steps. Finally, Mn-centred oxidations and the formation of additional oxido-bridges cause significant decreases of the Mn–Mn-distances as higher S-states are reached. In consequence, the OEC and its environment need to possess a high degree of flexibility to make such geometry changes possible.

The possible formal oxidation states of the four manganese ions of the OEC in the
S0–S3 states according to the high-valent and low-valent schemes.



Birnessite

 Formed by precipitation in lakes, oceans and
groundwater

 Manganese nodules

Structure
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Lucht, et. al, J. Phys. Chem. C 2015, 119, 22838-22846
“Manganese nodule”. J. Wikipedia.org
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http://pubs.acs.org.libproxy.temple.edu/doi/pdf/10.1021/acs.jpcc.5b07860
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Efforts have been made to correlate the water-oxidation activity of MnOx-based catalysts with the presence of MnIII and its eg 1 occupancy.5f,h This correlation seems to hold for the [Ru(bpy)3]2+/S2O8 2−/light assay, where Mn2O3 and Mn3O4 feature the highest fraction of MnIII and are the most active catalysts. However, a similar correlation is not evident in the CAN or the electrocatalytic water oxidation assays. With CAN as the oxidant, MnIV-based oxides (γ-MnO2 and δ-MnO2) exhibit higher activity than Mn2O3 and Mn3O4. And, at neutral and alkaline pH, at least two MnO2 polymorphs (α-MnO2 and γ- MnO2) exhibit higher activity than Mn2O3 and Mn3O4.


Methods of Modifying

Tl = H0
Structure N S T
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Bilayer nanosheets e

e Changing average oxidation state (synthesis)
* Intercalating metals (Co, Ni, Cu)
* Doping (Co)

* Frustrated water in the interlayer space

A ’ B * ‘
Remsing, R. et. al. J. Phys. Chem. Lett. 2015, 6, 4804-4808 Thenuwara (2015) Thenuwara (2016) Thenuwara (2016) ] E

McKendry, I, et.al 2015 Dalton Transac tions Kang, Qing, et al. JACS 139.5 (2017): 1863-1870. .



Active site

 Pinpointing
« Corner shared manganese

Corner-sharing
Birnessite Mn"-Mn"V ~ 3.5 A

(6-MnO,) Edge-sharing
MnV-Mn'V ~ 2.9 A

Smith, et. Al. ACS Catal. 2016, 6, 2089-2099
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Electrochemical measurements show and ligand field theory predicts that, among corner-shared Mn3+O6 sites, those possessing D3d ligand field symmetry have stronger covalent Mn−O bonding to the six equivalent oxygen ligands, which we ascribe as responsible for more efficient and faster electrolytic water oxidation.


Active site

 Pinpointing
« Corner shared manganese

Corner-sharing
Birnessite Mn"-Mn"V ~ 3.5 A

(6-MnO,) Edge-sharing
MnV-Mn'V ~ 2.9 A

Smith, et. Al. ACS Catal. 2016, 6, 2089-2099


Presenter
Presentation Notes
Electrochemical measurements show and ligand field theory predicts that, among corner-shared Mn3+O6 sites, those possessing D3d ligand field symmetry have stronger covalent Mn−O bonding to the six equivalent oxygen ligands, which we ascribe as responsible for more efficient and faster electrolytic water oxidation.



AR,

Motivation e

ARRAY,

e Determine the site for water oxidation activity

* Interlayer chemistry is key to water oxidation in
birnessite

 Why does birnessite behave the way it does?

 Improve and understand the water oxidation
activity of birnessite

 What happens during and after the chemistry




How do we do this?




L TEM

Transmission Electron
Microscopy

Backscattered electrons e-beam Secondary electrons

Characteristic X-rays

SAMPLE

Electron-hole

pairs

Direct e- beam

Diffraction

XRD
X-ray diffraction

XPS

https://www.e20.ph.tum.de/en/techniques/photoelectron-spectroscopy/
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To produce a diffraction pattern, an electromagnetic field of incoming X-rays are scattered by the negatively charged electrons within a material. These electrons then oscillate with the period of the X-ray beam and emit their own electromagnetic field identical in phase and wavelength to the incident X-rays (Figure 2.5). The scattered wave is propagated from every scattering source (electron) radially (11).  By measuring the intensity and angles of these scattered waves, a diffraction pattern that corresponds to the electron density within the crystalline material is produced. 

The photoelectric effect describes the emission of electrons from a surface with a characteristic kinetic energy when the surface is bombarded by monochromatic radiation (13).  Relating this kinetic energy (KE) of the emitted photoelectrons to the binding energy (BE) of core electrons 


http://www.plasmachem.com/bet.html
https://www.e20.ph.tum.de/en/techniques/photoelectron-spectroscopy/


TEM XRD

Transmission Electron X-ray diffraction
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Characterization

Starting Material » Transformed Material

Perform Chemistry

After Reaction




Investigation of birnessite
Interlayer

Exfoliation of bulk e
structure to investigate Modification of bulk

nanosheets structure
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Investigation of birnessite
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Exfoliation of bulk structure
to investigate nanosheets

Restacked Birnessite O® OO
I A4 TZT A\

Bulk Birnessite
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Exfoliation of bulk structure
to investigate nanosheets
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Exfoliation of bulk structure
to investigate nanosheets
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Restacked samples
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Conclusion from work with
nanosheets

 Nanosheet suspensions are not ideal for water
oxidation

» Assembling nanosheets back into bulk
birnessite can be thought of as Mn3* free bulk
birnessite

 Mn3* in the interlayer is key to water oxidation

* Work with bulk birnessite, manipulate bulk
structure in order to improve and investigate
water oxidation T

gyl



Manipulation of birnessite
Interlayer
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Manipulation of birnessite
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Triclinic vs Hexagonal
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The Experiment

Transform Triclinic to Hexagonal with protons
(acidic solution), measure oxygen evolution.




Experiment

e Triclinic Birnessite
e pH 3, 18 h
e« pH5, 18 h
e« pH7,18h

« Compare to hexagonal birnessite

Triclinic Hexagonal ||




Migration of Mn3* into
the interlayer




1)

H* —, eefefsie® 1/3 Na*

1/3 of Mn3* undergoes
disproportionation to Mn?*
and Mn#*

Remaining

migrates

into
interlayer

Mn2* can re-adsorb above
or below vacant sites

Lanson, et.al American Mineralogist, Volume 85, pages 826-838, 2000
Villalobos, et.al. Geochimica et Cosmochimica Acta, Vol. 67, No. 14, pp. 2649-2662, 2003



Octahedral Jahn-Teller

1,92 A

Disproportionation and migration of Mn3* cations release the steric
layer strain from the Jahn-Teller distortion in the former Mn3*rich
rows.

Lucht, et.al. J. Phys. Chem. C 2015, 119, 22838-22846
Lanson, Bruno, et al. American Mineralogist 85.5-6 (2000): 826-838.
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illustrates the Jahn-Teller effect. For Mn3+ to the right, the Jahn-Teller effect causes elongation of the Mn-O bond compared to Mn4+ to the left. Due to the loss of degeneracy, the orbitals for the Mn3+ are offset to lower the energy of the partially filled orbitals.


Experiment

e Stir Triclinic birnessite In acidic water for 18 hr

« Hypothesis: Interlayer Mn3* in transformed
sample improves water oxidation




Characterization

After transformation, before chemistry




Triclinic birnessie, Triclinic birnessite, | Triclinic birnessite,
pH 3, 18 hrs pH5 18 hr pH 7 18 hr

Morphology is retained.
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Ling, Florence T., et al. Chemical Geology 416 (2015): 1-10. ] E




XRD Discussion

Shifts to lower 2 theta (higher d-space)
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Water oxidation
chemistry

Experiments




== Triclinic Birnessite

g === Hexagonal Birnessite
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Oxygen Evolution (mmol O,/mol Mn)
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Najafpour, et al. Dalton Transactions 42.40 (2013): 14603-14611. Pokhrel, et.al. ]. Am. Chem. Soc. 2015, 137, 8384-8387
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Ce4+/Ce3+ (E° = +1.7 V

(1) CeIV reacts with the oxide (most likely at the surface, probably also inside the pores) and is reduced to CeIII resulting in the injection of electron holes (step 1 in Scheme 2). (2) The electron holes are mobile within the structure so that hole migration (most likely undirected) occurs (step 2). (3) Once four holes accumulate near an active site for wateroxidation, the four-electron oxidation of water can take place at this site (step 3), resulting in O–O bond formation, O2 release and the re-filling of the electron holes by electrons obtained from water-oxidation. (4) For the birnessite particle, “hole injection” might actually correspond to the oxidation of Mn3+ to Mn4+ in the structure (the average oxidation state for Mn is +3.8, so one-fifth of the Mn are Mn3+). Such Mn3+ → Mn4+ oxidations of the bulk material during WOC have been observed by XAS for birnessite electrodes.14,16 If H2O or OH− moieties are coordinated to Mn3+ centres of the material, these will become much more acidic upon Mn oxidation, resulting in proton release as a result of the oxidation process (step 1). Additionally, proton release might accompany O–O bond formation if e.g. an OH− species is involved in step 3.


Electrochemistry
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the existence of overpotential implies the cell requires more energy than thermodynamically expected to drive a reaction.
Overpotential is experimentally determined by measuring the potential at which a given current density (typically small) is achieved.

pH 3, pH 5 and pH 7 transformed birnessite samples were 490, 510, and 570 mV 
�
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Ni 400 mV
Co 360 mV
Cu 490 mV
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Oxygen Evolution (mmol O_/mol Mn)

Ceric Experiment
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The
best Ca-birnessite exhibits a water oxidation TOF of 3.96 mmol
O2 per mol surface Mn s (8.00 x 10−5 mmol O2 per m2 s),

TON =16
TOF= 8E-4 mmol o2 per mol Mns




Birnessite samples (triclinic transformed to hexagonal at pH 3 and 5 as well as
hexagonal sample) Stability testing STATIC. Constant current (5mA).
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Characterization

After electrochemisty/ceric experiments




Sample
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After Electrochemistry
Characterization
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XPS Characterization

Hexagonal |

Before Electrochem After Electrochem
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Conclusions

e Interlayer species is key to activity

e Mn3* must be contained between sheets to create
unique environment

* Previously inactive phase can be activated by
iInducing migration of Mn3* into the interlayer

» Post catalysis characterization indicates
possible removal of Mn3* from the interlayer
space

e Future work
e Characterization of post-electrochemistry samples

Foffpfe® 2H,0 > O, + 4H* + 4e

B S
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Questions?




Periodic Table
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CONTROL EXPT: KMnO4 in 1M KOH with time
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=T =1h, 43 min Mn 7+ 9 Mn 6+
\ T=3h The formation of a

0.01

manganate(VI) intermediate

was also consistent with the

green color observed as the

0 : , ‘ ‘ : , reaction proceeded [30]

400 450 500 550 600 650 700 The appearance of two

isosbestic points at wavelengths
. . , ; 575 and 473 nm during the

oL 2or — | courses of the reactions

indicates the interconversion of
Mn(VIl) to both Mn(VI) and

Mn(1V), as MnO2, respectively
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Figure 1. UV-Visible spectral changes for permanganate conversion to manganate as
a function of time in 3.0 M NaOH.
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Quantitative conversion of the 0.1 M KMnO4 solution from Mn(VII) to Mn(VI) in basic solutions is reported to require several days, though our observation is that this process is more than 90% complete within less than 24 h in 3 M NaOH. It was reported [32, 33] that permanganate ion in aqueous alkaline media combines with alkali to form an alkalipermanganate species in a pre-equilibrium step, as described by equilibrium (3) in Scheme 1. 
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UV-vis Raw data Baseline corrected using manual baseline in
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Supernatant after reaction with ceric
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Sample uM Mn7+ 1
W (525 nm) - 62?}& 1h

Triclinic 29.7 0.6 Hexagonal| 6.96
Hexagonal 2.40 2 0.3 3|pH 3 3.17
p.3 5.20 o0 pH5 -0.05
oH 5 416 oo gy 2.9/
p.? 17 . - Triclinic 0.42

0.6

EChem
Sample uM Mn”*/mg uM Mn®*/mg
(525 nm) (620 nm)
Triclinic 2.47 --
Hexagonal 0.22 4.97
pH 3 0.52 2.26
pH 5 0.38 --
pH 7 1.58 2.12

Opposing trends for higher oxidation state production

Wiechen, M, et.al. Dalton Trans., 2012, 41, 21-31




Ceric permanganate production
3Ce(IV) + MnO,(s) + 2H,0 — 3Ce(Ill) + MnO, + 4H"

The MnO,~ probably originates from oxidation of Mn(l1) adsorbed to
the surface of oxide because this reaction is thermodynamically easier
than the oxidation of MnO, to MnO,".

2MnO,~ + 3Mn(II) + 2H,0 — 5MnO,(s) + 4H"

Ce#
Sample uM Mn”*/mg % .
(525 nm) i\ A
Triclinic 2.47 Ce(IV) + Mn0? Mn(Il) MnO4
Hexagonal 0.22 P Mn(II) 5
MnO,
oH 3 0.52 : l '

0,
pH 5 0.38 ;

pH 7 1.58

Najafpour, M, et.al. Dalton Trans., 2013, 42, 14603-14611 ] E




Electrochemical
Permanganate Production
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Wiechen, M, et.al. Dalton Trans., 2012, 41, 21-31



Triclinic Birnessite
Hexagonal Birnessite
TriBirn_pH 3_18h
TriBirn_pH 5_18h
TriBirn_pH 7_18h

Intensity

10 20 30 40

2 theta (deg Sample AOS AOS
(XPS) (Titration)
Triclinic Birnessite 3.51 3.45
pH 3 3.54 3.92
pH 5 3.49 3.94
pH 7 3.46 3.84
Hexagonal 3.63 3.70
Cox, etal. Science. 2014. 345. 6198. 804-808. N




Mn 2p
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Possible explanations
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Modification of bulk
structure
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Standard Reduction Potentials measured in aqueous solution (pH = 0) for water ox-
idation regarding different mechanisms (E, vs. SHE).

Reaction Standard E,
Four-electron reactions

2H,0 - 0, + 4H' + de” 1.229
OH™ 4+ H,0 -0, +3H" + 4e” 1.022
20HC =0y + 2H™ 4+ 4™ 0.815
40H™ — 0, + H,0 + de~ 0.401
Two-electron reactions

2H:0 = Ha02 +2ZH™ + 22 1.776
20H = H20: 4+ 2& 0.948
Hz0; = 0 + 2H' 4 2e” 0.682
H-0: + 20H - 0, + 2H,0 4 2e™ —0.146
One-electron reactions

H:0—=0H 4+ H™ 4+e 2.848
OH —-0H +e 2.020
H:0: = HO: 4+ H™ 4+ e 1.495
H:0: + OH™ = HO: 4+ H:0 + e 0.667
HO; = 0; +H" + e~ —0.130

HO; +0OH -0z + H:0 + e —0.958
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Birnessite samples (triclinic transformed to hexagonal at pH 3 and 5 as well as
hexagonal sample) after electrochemistry STATIC
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Oxygen Evolution (mmol O2/mol Mn)
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Figure 2. Basal spacings (in A) of birnessite saturated wi
K, Na, Li, Ni, Ca, and Mg (22°C, relative humidity = 549
CuKa radiation).
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