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Abstract

With increasing energy demands and environmental concerns related to the greenhouse effect, one
of the most central themes of research society is the development of sustainable and environmental-
friendly energy system. In this regard, catalysts play a pivotal role in producing the fossil-free industrial
chemicals (e.g., ammonia, hydrogen, and hydrocarbon) from earth-abundant substances (e.g., nitrogen,
water) through (electro-)chemical conversion process. Moreover, energy storage technologies, such as
lithium-ion batteries and fuel cells, are equally important for practical applications. However, the
current levels of energy conversion and storage technologies are inadequate; that is, more advanced

design and fundamental understanding of these processes is now pursued.

Adsorption has an important meaning in the (electro-)chemical process in that the energy states of
adsorbed reaction intermediates in the mechanistic pathways can determine the reaction mechanisms.
Many studies have focused on the adsorption behaviors and corresponding energetics to predict the
catalytic activity or battery performance. In this context, molecular simulation approach can be a
suitable tool to investigate the adsorption behaviors in the atomistic and molecular level. Particularly,
multi-scale molecular simulation methods are useful to properly elucidate the physicochemical
phenomena in experimental (or realistic) systems crossing over different temporal and spatial scales. In
this dissertation, theoretical studies on adsorption behaviors in catalysis and energy applications have

been conducted via multi-scale molecular simulation approach.

In Chapter 2, we theoretically demonstrated that atomically dispersed Pt catalysts on carbon
nanotube (Pti/CNT) could catalyze the chlorine evolution reaction (CER) with excellent activity and
selectivity. From ab initio Pourbaix diagram, the active adsorbate structures for the Pt;/CNT were
initially found. Subsequently, the mechanistic pathways for the CER were thoroughly investigated by
combining the experimental (for kinetics) and theoretical data (for thermodynamics). Among Pt—Nj
sites, PtN4Ci> was identified as the most plausible active site structure for the CER. Moreover, the
excellent selectivity of Pti/CNT was evidenced by the large differences in thermodynamic
overpotentials for respective CER and oxygen evolution reaction, which can be determined from the
adsorption free energies of the reaction intermediates. We envision that this type of catalysts may be
exploited as an alternative CER catalyst instead of precious metal-based mixed metal oxides (MMOs),

which have suffered from concomitant generation of oxygen.

In Chapter 3, we investigated the thermodynamics of ion adsorption on the amorphous
intermediate phases of calcium carbonates. Amorphous calcium carbonate (ACC) have received
enormous attentions because their local order in the short-range can affect the subsequent pathways for

phase transformation. Using molecular dynamic simulation, we theoretically elucidated the precise role
i



of ion adsorption in controlling the local structures and stability of ACC phases. Starting from the
nucleation clusters in aqueous solution, the hydrated and anhydrous forms of ACC were systematically
examined by varying the hydration levels and molar composition of additive ions (e.g. Mg*", Fe**, Sr**,
and Ba?"). Our results revealed that each ion can exert promoting or inhibiting effect by tuning the local
order and stability of ACC phases depending on their hydrophilicity and ionic radii. More importantly,
our findings suggested that the thermodynamic spontaneity of the overall phase transition process can
be determined by the balance between two opposing factors — endothermic dehydration and exothermic

crystallization.

Chapters 4 and 5 commonly describe the investigation of adsorption phenomena, related to the
next-generation rechargeable batteries such as lithium-sulfur (Li-S) and lithium-oxygen (Li-O,) battery.
The adsorption of reaction intermediates for Li-S and Li-O; battery, which are polysulfides (i.e., Li,S,,
1<x<8) and superoxide species (i.e., O™ or LiO,), respectively, is a decisive step for these systems
because these floating reaction intermediates can hamper the cell performance by triggering the

unwanted side reactions such as shuttle phenomena of Li,S,, and electrolyte degradation by O," species.

In Chapter 4, we investigated the polysulfide adsorption on molecularly designed chemical trap in
Li-S battery. A microporous covalent organic framework (COF) net on mesoporous carbon nanotube
(CNT) net hybrid architecture was introduced as a new class of chemical trap for polysulfides. Two
COFs with different micropore sizes (COF-1 and COF-5) were selected as model systems. Using
density functional theory calculation and grand canonical Monte Carlo simulation, the pore-size-
enabled selective adsorption of Li»S in COF-1 was theoretically demonstrated. The results also revealed
that COF-1 possesses a well-designed micropore size and (boron-mediated) chemical affinity suitable
for selective adsorption of Li»S, which can significantly improve the electrochemical performance of

Li-S battery.

In Chapter 5, we investigated the superoxide adsorption and subsequent disproportionation
mechanism in Li-O; battery. Reactive O2" species can trigger the side reactions, which are serious
hurdles hampering the performance of Li-O, battery. To resolve this issue, malonic-acid-decorated
fullerene (MA-Ceso) was employed as a superoxide disproportionation chemo-catalyst. Using multi-
scale molecular simulation methods including density functional theory and molecular dynamics, we
theoretically evidenced the preference to solution mechanism over surface mechanism in the presence
of MA-Cg catalyst. Additionally, from the free energy diagram along reaction pathway of the solution
mechanism, we identified the beneficial role of MA-Csp to significantly reduce the thermodynamic

barrier of the disproportionation step.
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CER polarization curves of Pti/CNT, PtNP/CNT, DSA, and CNT catalysts obtained in
0.1 M HCIO4 + 1.0 M NacCl at an electrode rotation speed of 1600 rpm and a scan rate
of 10 mV s™!. The polarization curve of Pt;/CNT catalyst measured in 0.1 M HCIOj is

also shown. The DSA catalyst (1 cm x 1 cm) was measured without electrode rotation.

Chronoamperograms of Pt;/CNT and PtNP/CNT catalysts deposited on a carbon paper
(1 cm x 1 cm) and DSA catalyst (1 cm x 1 cm) measured in 0.1 M HCIO4 + 1.0 M NaCl
for 12 h with a stirring speed of 300 rpm.

Tafel plots of Pt;/CNT, PtNP/CNT, and DSA catalysts.

Model systems for plausible Pt—Nj sites including PtN4Ci2, PtN4Cio, and PtN2+2Ca-4. Six
plausible adsorbates (i.e., CIO*, CI", H, OOH", O*, and OH") were considered.
Coordination numbers (CNs) of Pt atoms in the PtN»+2Cy4 are labelled below. The white,
black, pink, dark-blue, purple, and yellow-green coloured spheres represent the

hydrogen, carbon, nitrogen, platinum, oxygen, and chlorine atoms, respectively.

Model systems for PtO, (110) surface including four plausible adsorption sites in top
view. Among four plausible adsorption sites, including two bridged oxygen and two
coordinatively unsaturated (cus) sites, a total of 18 combinations of adsorbate species
(i.e., Op, OHy at bridge sites as well as OHc, Clc, Oc, OOHc, O, ClO; at cus sites,
respectively) were considered. Black dotted circles represent the adsorbate structures.
Topmost layers are magnified with ball-and-stick style for visualization. The dark-blue
and red spheres represent the platinum and oxygen atoms at the surface. The white,
yellow-green, and purple spheres represent the hydrogen, chlorine, and oxygen atoms

for the adsorbates, respectively.

The adsorption free energy for plausible adsorbates on three Pt—Ns sites. Seven plausible
adsorbates (i.e., bare (*), CI', O*, CIO*, OH", H*, and OOH") on Pt—Njy sites were
considered as a function of the theoretical standard hydrogen electrode potential (Usg)

at pH =0: a, PtN4C)2, b, PtN4C9, and ¢, PtN212C414.

The adsorption free energy (AG) for plausible adsorbates on PtO, (110) surface. A total
18 plausible combinations of adsorbate species (i.e., On, OHp, at bridge sites as well as
OH,, Cl, Oc, OOHc, Oy, ClO. at cus sites, respectively) were considered as a function
of the theoretical standard hydrogen electrode potential (Usue) at pH = 0. Black dotted

lines represent the phase boundary where two adsorbate species exist in equilibrium. The
viii



Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14

most stable adsorbate species at each area (divided by black dotted line) are labelled

below.

Pourbaix diagram of theoretical standard hydrogen electrode potential (Uske) vs. pH for
three Pt—Njy sites in equilibrium with H*, Cl" and H>O at room temperature. a, PtN4Cj>,
b, PtN4Cio, and ¢, PtN212Csrs. Blue dashed line and red dashed line represent the
equilibrium potential for CER in the SHE scale (Uzq = 1.36 V) and for OER (Ueq = 1.23
V —0.059 pH), respectively. Black solid lines represent the phase boundary where two

adsorbate species exist in equilibrium.

Pourbaix diagram of theoretical standard hydrogen electrode potential (Uske) vs. pH for
PtO, (110) surface. Red dashed line and blue dashed line represent the equilibrium
potential for CER (Usue = 1.36 V) and that for OER, respectively. Black solid lines

represent the phase boundary where two adsorbate species exist in equilibrium.

Free energy diagrams for CER over Pt—N4 clusters and PtO, (110) surface at zero

overpotential (77cer = 0 V).

Model systems for PtO, (110) surface for CER (top view). Two plausible intermediate
structures including 20,2Cl. and 20,2ClO. were considered. Black dotted circles
represent reaction sites. Topmost layers are magnified with ball-and-stick style for
visualization. Dark-blue and red spheres represent the platinum and oxygen atoms at the
surface, while the yellow-green and purple spheres represent chlorine and oxygen atoms

for the adsorbates, respectively.

a, The difference between adsorption energy of Pt?* ion in the Pt—Nj sites (AEags) and the
chlorination energy of Pt?* ion in the [PtCl4]> complex (AEc:.). b, Optimized structure
of [PtCls]* complex, used for AEc. calculation. Color legends — Pt: dark-blue; CI:

yellow-green.

Experimental Tafel plot exhibiting two linear Tafel regions with Tafel slopes of 38 and
79 mV dec. The fitting ranges of overpotential for CER (7cer) are indicated. The

exchange current density jo is given by the extrapolation.

Full free energy diagram along the reaction coordinate of CER over the Pti/CNT at
respective overpotential for CER (77cer) of 0 V (black thick lines) and 0.09 V (red thick
lines). #1 and #, represent the transfer coefficients at each transition state (TS), which

are determined as 0.83 and 0.58 from experimental Tafel plot, respectively. The TS with
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Figure 2.15

Figure 2.16

Figure 2.17

higher free energy at the respective 7cer is indicated by purple line. Orange arrows
represent the decreased amounts of free energies by applied 7cer for each state (i.e., first
TS (denoted as ‘#:”), intermediate state, second TS (denoted as ‘#,’), and final state,
respectively). The free energy change for reaction intermediate at zero overpotential

(AGTp(cEn)) is indicated by blue arrow.

Transition state (TS) free energy corresponding to the step #; (Gy,(cgr)) as a function
of applied overpotential 7cer in the Pti/CNT. The first step (#1) corresponds to the
Heyrovsky step, while the second step (#2) corresponds to the Volmer step, respectively.
The black dotted line indicates the thermodynamic optimum of PtN4Ci» species, where
the 7cer equals to the thermodynamic overpotential for CER [i.e., 77cer = 7rocer) (=

0.09 V)].

Transition state (TS) free energy corresponding to the step #; (G4, (ncgr)) as a function

of applied overpotential 7cer in the Pti/CNT. The first step (#1) corresponds to the
Heyrovsky step, while the second step (#2) corresponds to the Volmer step, respectively.
The black dotted line indicates the thermodynamic optimum of PtN4Ci, species, where
the 7cer equals to the thermodynamic overpotential for CER [i.e., 77cer = 7rocer) (=

0.09 V)].

Free energy diagrams for the OER on Pt—Nj sites at zero overpotential (770er = 0 V); a,
PtN4C,2, PtN4C1o and b, PtN,:,C4s+4. The active adsorbate structures for each model were
employed as initial steps (i.e., bare structure (*) for PtN4Ci2 and PtN4Cjo, and O" for
PtN1+,Cs44, respectively). The black dotted line represents the thermoneutral state (i.e.,

AG =0).
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Figure 3.6

Figure 3.7
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Mean square displacement analysis for water and ions (i.e., Ca?>* and CO;%) in the
CaCO3'nH,0 system with different hydration levels a-¢, at n =9, and d-f, at n = 1. The

black lines represent the fitting lines used for estimation of the self-diffusion coefficients.

Dehydration scheme of the Ca;..M,COs3-nH,0 system (i.e., x = 0~1, n = 0~9), where M
= Mg?*, Fe**, Sr**, and Ba®". Color legends — C: gray; O: red; Ca: green; M: yellow;

water: cyan.

a, MD simulation snapshots for dehydration process of CaCOj3-nH,O system (i.e., n =9,
6, 3, 1, and 0). Color legends — C: gray; O: red; Ca: green; H: white. b, CN of Ca—O,
pairs in the CaCO3-nH,0O system (i.e., n = 0-9). Left: fraction of the local structures
corresponding to each CN; right: average CN of Ca—Q pairs as a function of 7. ¢, Self-
diffusion coefficients (D) for ions and water in CaCO3-nH,O system and reported values
for bulk water and ion pairs in calcite.% The black and red dotted lines are guidance

for the eye.

CN environment for divalent cations (M, including Ca* and M*") with oxygen atoms
in the Ca;..M,COs-nH,O systems. Molar composition (x) for M** were set to 0.5. a and
b, Average CN for a, Miou—Oc (O in COs%), b, Miou—Oyw (O in water) pairs. ¢ and d,
Relative CN (ACN) from the system without M** for ¢, Miota—Oc and d, Miow—Oy pairs.

Relative CN (ACN) environment of O, (O in COs*) around divalent cations [Mioal,
including Ca?" and additive ions (i.e., Mg*", Fe*', Sr**, and Ba?")] in the Ca.
M, CO;3-nH>0 systems, where M = a, Mg, b, Fe, ¢, Sr, and d, Ba [i.e., ACN = CN(Ca;.
M, CO3-nH,0) — CN(CaCOs-nH,0)].

Relative CN (ACN) environment of O, (O in water) around divalent cations [Miotal,
including Ca®" and additive ions (i.e., Mg*", Fe*', Sr**, and Ba®")] in the Cai.
M.CO;-nH>0 systems, where M = a, Mg, b, Fe, ¢, Sr, and d, Ba [i.e., ACN = CN(Ca;-
MCO3-nH20) — CN(CaCOs-nH,0)].

Molar volume change (AVy) for Cai..MCOj3-nH>O systems in the range of n = 0-9, where
M =a, Mg, b, Fe, ¢, Sr, and d, Ba.

Enthalpy of formation (AH) for Ca,..M.COs-nH,O systems in the range of n = 0-9, where

M = a, Mg, b, Fe, ¢, Sr, and d, Ba. The black circles represent the actual simulation
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Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

points used for constructing the contour plot. The black dotted lines represent the base
line for the thermo-neutral state (i.e., AHr = 0). The gray dotted lines represent the line

for guidance of the location at n = 3.

Enthalpy of formation (AHy) for Ca;..M,CO3-nH,0O systems in the range of n = ~3-9,
where M = a, Mg, b, Fe, ¢, Sr, and d, Ba. The black circles represent the actual simulation
points used for constructing the contour plot. The black dotted lines represent the base

line for the thermo-neutral state (i.e., AHy = 0).

Enthalpy of formation (AHy) for Ca;..M,COs3-nH,0O systems in the range of n = ~0-3,
where M = a, Mg, b, Fe, ¢, Sr, and d, Ba. The black circles represent the actual simulation
points used for constructing the contour plot. The black dotted lines represent the base

line for the thermo-neutral state (i.e., AHy = 0).

Enthalpy of formation (AHr) and its decomposed energy contributions including
dehydration (AHqacnya) and crystallization (AHcryst) for Cai..MCO3-nH,0 systems (i.e., M
= Mg, Fe and x = 0, 0.25, 0.5, 0.75 and 1) in the range of » = 0-3. The red (or blue)
shaded arrows represent the direction of increasing the endothermicity (or
exothermicity). The red dotted lines represent the base line for the thermo-neutral state

(i.e., AH; = 0).

Enthalpy of formation (AH;) and its decomposed energy contributions including
dehydration (AHgehya) and crystallization (AHcryst) for Ca ..MCOs3-nH,0 systems (i.e., M
=8Sr, Baandx=0, 0.25, 0.5, 0.75 and 1) in the range of n = 0-3. The blue shaded arrows
represent the direction of increasing the endothermicity (or exothermicity). The red

dotted lines represent the base line for the thermo-neutral state (i.e., AHr= 0).

Enthalpy of formation (AH;) and its decomposed enthalpic contributions including
electrostatic (AHjgs)) and van der Waals interactions (AHgvaw)) for Cai.MCO3-nH>O
systems (i.e., M = Mg, Fe and x =0, 0.25, 0.5, 0.75 and 1) in the range of n = 0-9. The
red (or blue) shaded arrows represent the direction of increasing the endothermicity (or
exothermicity). The red dotted lines represent the base line for the thermo-neutral state

(i.e., AH; = 0).

Enthalpy of formation (AHr) and its decomposed enthalpic contributions including
electrostatic (AHsgs)) and van der Waals interactions (AHjwawy) for Ca;:M,CO3-nH,0O

systems (i.e., M = Sr, Ba and x = 0, 0.25, 0.5, 0.75 and 1) in the range of n = 0-9. The
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Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

red (or blue) shaded arrows represent the direction of increasing the endothermicity (or
exothermicity). The red dotted lines represent the base line for the thermo-neutral state

(i.e., AH; = 0).

a and b, Schematics for the relationships of two opposing factors (i.e., dehydration and
crystallization) acting on the AHr as a function of water content () and mole fraction of
additive ions (x) in the Ca;..M,CO3-nH,0 systems, where a, M = Mg or Fe and b, M =

Sr or Ba, respectively.

Schematics for dehydration and crystallization process from amorphous precursor phases
(i.e., Ca;,M,CO3-nH,0) to phase-separated crystalline structures (i.e., (1-x)CaCOj3; and
xMCO:3) and liquid water (nH»O).

Comparison of total distribution function (TDF, D(r)) between experiment’”® and
calculated model system for hydrated ACC (CaCOs3nH,O, n = 1), obtained from our

simulation.

a and b, Total distribution functions (TDFs, D(r)) for Ca;..MCO3-nH,O systems with n
=1, where M = a, Mg and b, Fe. The pink, brown, and sky-blue dashed lines represent
the M—O,,, M—O., and M-M pairs of each ACC system, respectively.

a and b, Total distribution functions (TDFs, D(r)) for Ca;..MCO3-nH,O systems with n
=1, where M = a, Sr and b, Ba. The pink, brown, and sky-blue dashed lines represent
the M—O,,, M—O,, and M-M pairs of each ACC system, respectively.

Pair-distribution function (PDF, g(r)) of Ca;..MCOj3-nH,0 systems for M—O,, (O in water)
pairs with n = 1, where M = a, Mg, b, Fe, ¢, Sr, and d, Ba. Note that PDF were scaled

2
by a factor (47zp,r [cicj - Z; Zj/(ZE:le Z, ) }) for each pair in the D(7).

Pair-distribution function (PDF, g(r)) of Ca;..M.CO;-nH>0 systems for M—M pairs with
n =1, where M = a, Mg, b, Fe, ¢, Sr, and d, Ba. Note that PDF were scaled by a factor

\ 2
(47rp0r[cicj : Zizi/(Zk:1Ck Z, ) }) for each pair in the D(7).
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Chapter 4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Model systems of Li,Sx and COFs. a, Optimized geometries of Li>Sy (x =1, 4, 6, and 8)
molecules identified by DFT calculations. Purple and yellow colored atoms represent
the lithium and sulfur, respectively. b, Optimized unit cell model of COF-1 by full
relaxation including both atomic positions and lattice parameters. The 1x1x2 supercell
was built for representing the bulk state. For layer models, the vacuum was sufficiently
applied in the z-direction (i.e., ~ 20 A) for the 1x1x3 supercell with fixed two bottom
layers. ¢, Optimized unit cell model of the COF-5. The 1x1x2 and 1x1x3 supercells

were built for the bulk state and layer model, respectively.
Synthetic scheme and chemical structures of COF-1 and COF-5.

a, Pore size and of COFs (COF-1 and COF-5) and molecular size of Li,S, species (x = 1,
4, 6, and 8). Pore volume (PV) and molecular volume (estimated by Connolly surface
method?”) are labelled below. Color legends — C: gray; O: red; H: white; B: pink; Li:
purple; S: yellow. b, Snapshots depicting the binding configurations of polysulfides in
COF-1 (blue box, left) and COF-5 (green box, right), and averaged loading amounts of
Li,S, species (x =1, 4, 6, and 8), calculated through GCMC simulation. Blue, red, orange,

and green circles represent Li,S, Li»S4, Li2Se, and Li»Ss, respectively.

Binding configurations of Li>S, molecules on partially cleaved CNT surface; a, Li.S, b,
Li2S4, ¢, Li2Se, and d, Li>Sg. Aq(CT) values indicate the transferred charges of molecules.
Gray, purple, and yellow balls represent C, Li, and S atoms, respectively. Red balls
signify the fixed hydrogen-terminated sites.

Binding configurations of Li»S, (x = 1, 4, 6, and 8) molecules in the bulk state of COF-
5; a, LixS, b, Li2S4, ¢, LizSe, and d, Li2Ss. Aq(CT) values indicate the transferred charges
of molecules. Purple and yellow balls represent the Li and S atoms of the Li,S,,
respectively. Alternate multi-plies between green and orange layers represent the AA-

eclipsed stacking arrangement.

Binding configurations of Li»S, (x = 1, 4, 6, and 8) molecules in the layer models of COF-
5; a, Li2S, b, Li2S4, ¢, Li2Se, and d, Li2Ss. Aq(CT) values indicate the transferred charges
of molecules. Purple and yellow balls represent the Li and S atoms of the LisS,,
respectively. Alternate multi-plies between green and orange layers represent the AA-

eclipsed stacking arrangement.
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Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Binding configurations of Li,S in the bulk state of COF-1, in which Aq(CT) values
indicate the transferred charges of molecules. Purple and yellow balls represent the Li
and S atoms of the Li,S, respectively. Alternate multi-plies between green and orange

layers represent the AB-staggered stacking arrangement.

Binding configurations of Li,S, (x = 1, 4, 6, and 8) molecules in the layer models of COF-
1; a, LixS, b, Li2S4, ¢, Li2Se, and d, Li>Ss. Aq(CT) values indicate the transferred charges
of molecules. Purple and yellow balls represent the Li and S atoms of the LisS,,
respectively. Alternate multi-plies between green and orange layers with fixed two

bottom layers (red) represent the AB-staggered stacking arrangement.

Change in the local density of states (LDOS) of Li>S (red line) and boron of COF-1 (black
line), before (dotted line) and after Li,S adsorption (solid line). Electronic structures of
Li,S-adsorbed COF-1 [i.e., HOMO-2 (green box, left) and HOMO-1 (blue box, right)]
are shown, along with those of pristine Li,S [i.e., HOMO-2 (black box, left) and HOMO-
1 (black box, right)]. The overlapped peaks in the LDOSs and obvious orbital mixing in
both HOMO-2 and HOMO-1 verify the electrostatic stabilization-driven formation of

chemical bonds between sulfur and boron.

Effect of NN interlayers on the electrochemical performance of Li-S cells. Cycling

performance (at charge/discharge current density = 2.0 C/2.0 C).

a-c, SEM images (top) of a, CNT, b, COF-1 NN interlayer, ¢, COF-5 NN interlayers after
the 300th cycle (at charge/discharge current density = 2 C/2 C). The yellow arrows and
circles indicate the Li,S aggregates and clogged pores, respectively. Schematic
illustrations (bottom) represent the deposition/dissolution behavior of Li,S on CNT, the

COF-1 NN interlayer, and the COF-5 NN interlayer.

Binding configurations, total adsorption energies (AF.ds) and chemical bond formation
energies (AEpond) of LizS on CNT surface (left) and in the bulk of COF-5 (center) and
COF-1 (right). Gray, purple, yellow, red, pink, and white balls represent the carbon,
lithium, sulfur, oxygen, boron, and hydrogen atoms, respectively. The Aq(CT) values
represent the transferred amount of Mulliken charges of respective systems. Atomic

charges of Li>S and Li>S-adsorbed COF atoms are indicated on the balls.
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Chapter 5

Figure5.1

Figure 5.2

Figure5.3

Figure 5.4

Figure 5.5

a and b, Discharge process of oxygen to Li,O; on air cathode of LOBs. a, Two dominant
mechanisms of the discharge process of oxygen to Li,O,: surface mechanism versus
solution mechanism. Superoxide radicals (O;") generated from electrochemical
reduction of oxygen are deposited on electrode surface and/or dissolved in electrolyte.
Two molecules of the dissolved O;™ are chemically disproportionated to oxygen and
peroxide in the solution mechanism while the lithium superoxide deposit on electrode
surface is electrochemically reduced to lithium peroxide. b, Superoxide-triggered side
reactions decomposing carbon constituents of electrodes and electrolytes. The solution
mechanism encouraged by a SOD-mimetic superoxide disproportionation catalyst, MA-
Ceo. Two superoxide molecules adsorbed on MA-Cg are chemically disproportionated
by: 2 O;" — O, + O,*. The peroxide (02%) is combined with Li* captured by MA-Cgto
form toroidal Li.O- on electrode surface.

MA-Cs for LOB cells. Potential profiles of LOBs at galvanostatic discharge in three
different ether solvents having low donor and acceptor numbers. MA-Ceo-free (dashed)
and MA-Ceo-containing (solid) LOB cells were compared. TEGDME = tetraethylene
glycol dimethyl ether; DME = dimethoxyethane. The current densities in mA cm are

indicated in the top; 0.1 mA cm2 was used for the middle and bottom.

a, The optimized structures of [Li(DEGDME)]* and [Li(TEGDME)]* complexes: yellow
= lithium, gray = carbon, red = oxygen, hydrogen = white. The binding energies (AEing)
and the coordination number of the solvent molecule to a lithium ion (CN) were
indicated. b and c, Molecular dynamics model systems of MA-Cg dispersed in b,
DEGDME and ¢, TEGDME in the presence of LiTFSI: sky blue = DEGDME, cyan =
[Li(DEGDME)]", red = TEGDME, light pink = [Li(TEGDME)]*, gray = TFSI. d, The
average number of lithium ions captured by MA-Ce’s (ni) in DEGDME versus
TEGDME.

Model systems of MA-Cgo’s for O, adsorption energy (AEags) calculation. Carbon,
hydrogen, and oxygen atoms of MA-Cg are colored in gray, white, and red, respectively.

Oxygen atoms of superoxide are colored in orange.

Model systems of MA-Cgo’s for LiO adsorption energy (AEags) calculation. Carbon,
hydrogen, and oxygen atoms of MA-Cgo are colored in gray, white, and red, respectively.

Lithium and oxygen atoms of LiO; are colored in yellow and orange, respectively.

XVi



Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Superoxide (O2") adsorption energy (AEags) on MA-Cgo versus on the (100) surface of
Li,O,. C = gray; H = white; O = orange only for superoxide and yellow for the rest; Li

= yellow.

Free energy diagrams for Li,O; formation through reaction pathways of the solution
mechanism in the presence of MA-Cgo versus in the absence of MA-Ceo. The pin-colored
region indicates the disproportionation step from LiO, dimers into Li>O, and solvated
oxygen.

Model systems used for calculating the free energy diagram of Li,O, formation via
solution mechanism in the presence of MA-Cg (denoted as ‘MA-Ceo’ in Figure 5.7).
Carbon, hydrogen, and oxygen atoms of MA-Ce are colored in gray, white and red,
respectively. Lithium and oxygen atoms of O,™, LiO; and Li»O- species are colored in
yellow and orange, respectively.

Voltage profiles of LOB cells containing MA-Cg or malonic acid (MA) as an additive.
2 mM MA-Cg was used while 6 mM or 50 mM malonic acid was used. The LOB cells
were galvanostatically discharged at 0.1 mA cm2 as indicated. Lab-made Swagelok-type
LOB cells were constructed with a binder-free carbon-fibre gas diffusion layer (GDL,
P50, AvCarb) as a cathode and lithium metal disk of 12 mm in diameter as an anode. 1
M LiTFSI in DEGDME was used as electrolyte.

a, Electrostatic potential maps around the electron density isosurfaces of the optimized
structure of MA-Cg and MA. The 5-mer cluster configuration based on hydrogen
bonding was used for representing the MAs in an aprotic solvent. b, The adsorption
energy (AEaqs) of superoxide to MA and MA-Cg. AEass changed with the number of

superoxide adsorbed on the indicated fraction of molecules.
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Chapter 1. Introduction

1.1 General Introduction

A secure energy future is threatened by increasing energy demands and global population. To date,
the vast majority of the world’s energy resources have been derived from fossil fuels. In 2018, the use
of hydrocarbon resources including coal, oil, and natural gas reached ~85% of world energy
consumption (Figure 1.1), while hydro-electricity and renewables only accounted for 6.8% and 4.0%,
respectively. The rising energy demand from rapid industrial development is causing a global challenge
to find alternative energy sources before fossil fuels are depleted. In addition to resource depletion,
combustion of fossil fuels emits carbon dioxide, a cause of serious environmental problems such as
global warming.”* In this regard, our goal is to develop a sustainable, environmentally-friendly energy
system that can meet rising energy demands and reduce dependency on hydrocarbons (Figure 1.2).°
This goal should be preceded by the development of renewable energy conversion processes that can
produce important fuels and chemicals (e.g., hydrogen, oxygen, and hydrocarbons) from earth-abundant
molecules (e.g., nitrogen, carbon dioxide, and water).” Catalysts play a central role in these energy
conversion technologies since they enhance the rate of chemical reactions. Moreover, the development
of efficient energy storage systems such as lithium-ion batteries, lithium-metal batteries, and metal-air
batteries is equally important for practical applications of renewable energy sources. However, current
energy conversion and storage technologies are inadequate. Therefore, the design and development of
advanced catalysts and battery materials is of great importance for the widespread deployment of clean

energy technologies.

1 Oil
w Natural gas

m Nuclear energy
m Hydro-electricity
m Renewables

Figure 1.1 Global energy consumption in 2018. Taken from BP statistical review of world energy.!
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Figure 1.2 Schematic of a sustainable energy conversion and storage systems. Reprinted from ref. 5.

Copyright © 2017, American Association for the Advancement of Science.

1.2 Adsorption in Electrocatalysis

In order to develop advanced electrocatalysts for practical uses, the overpotential of reactions
should be minimized to enhance the rate of these chemical reactions. Electrocatalytic processes usually
involve the adsorption of reactants on the catalyst, and the subsequent generation of active intermediates
by forming chemical bonds between the catalyst and adsorbates. Therefore, the energetics of active
reaction intermediates enables the prediction of the overall pathway of an electrocatalytic reaction

(Figure 1.3).
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Figure 1.3 Catalytic versus non-catalytic pathway for electrochemical reactions. ‘R’, ‘RI’, and ‘P’

represents the reactant, reaction intermediate, and product, respectively. * denotes the adsorbed state.

This concept can also be explained by the “Sabatier principle” that ideal catalysts should bind
intermediates neither too strongly nor too weakly.® Moreover, the concept of “Bronsted-Evans-Polanyi”
(BEP) relation indicates that an energetic change in transition states (i.e., kinetics) is linearly related to
the free energy of reaction (i.e., thermodynamics).” By combining the Sabatier principle and BEP
relation, the adsorption free energy of reaction intermediates can be used as the activity descriptor in
the form of volcano plot, which was invented by Nerskov and co-workers (Figure 1.4).3° Over the past
decade, volcano relations have been accepted as a useful guide to predict the catalytic activity. As an
associated approach, description of the relationship between the catalytic activity and intrinsic

electronic properties of a catalyst, such as d-band center theory (Figure 1.5),'° has also been developed
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Figure 1.4 Volcano plot of exchange current density (jo) versus adsorption free energy of hydrogen

atoms (AGwu=+) on pure metals. Reprinted from ref. 9. Copyright © 2005, the Electrochemical Society.

Vacuum Couplingtos Coupling to d
A

€ [eV]

Adsorbate Metal
projected DOS projected DOS

Figure 1.5 Schematic illustration of d-band center theory describing a chemical bond formation
between an adsorbate and surface. Reprinted from ref. 10. Copyright © 2011, National Academy of

Sciences.



to broaden the fundamental understanding of catalytic activity. Therefore, understanding the adsorption
behaviors in electrocatalytic reactions is crucial for predicting the activity and designing the advanced

electrocatalysts.

1.3 Adsorption in Catalytic Biomineralization

Biomineralization is a process that living organism produce minerals. One of the most abundant
biomineral in nature is calcium carbonate, which exists in a variety of marine environments including
corals, shells of mollusks, etc.!"!? In particular, amorphous calcium carbonate (ACC) has received
considerable attentions as an important intermediate for biomineralization process.!*! In general, ACC
exists in a hydrated state and subsequently transitioned into crystalline counterparts via a stepwise phase
transition process (Figure 1.6).'%2° In this context, various kinds of additives have been used to facilitate
the biomineralization process, which can be referred to the ‘catalytic biomineralization’.?! It has been
reported for several inorganic ions that their adsorption onto carbonate surface can induce the different
morphologies, or affect the lifetime of ACC phases.?*>> However, the precise role of ion adsorption in
controlling the local structures and stability of amorphous intermediate phases still remains unclear;
that is, it is the first step that should be examined to achieve a comprehensive understanding of catalytic

biomineralization process.

e
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Figure 1.6 Schematic illustration of catalytic biomineralization via adsorption of additive ions.
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1.4 Adsorption in Next-Generation Rechargeable Batteries

Lithium-ion (Li-ion) battery is considered as one of the most energy efficient storage technologies
in a wide variety of applications, spanning from portable electronics to electric vehicles.?** However,
the current state of Li-ion battery technology cannot satisfy future energy demands stemming from
large-scale commercialization. In this context, a variety of next-generation rechargeable batteries have
been developed to respond to these ever-growing energy demands. At present, two Li-based
technologies are receiving enormous attentions as viable options for next-generation battery systems —
lithium-sulfur (Li-S) and lithium-air (hereafter denoted as ‘Li-O,’, using O as fuels) batteries.>**! Both
of these technologies have large practical specific energies (> 400 Wh kg™!) that are promising for long-
term applications in transport systems (Figure 1.7).*? These batteries commonly employ Li metal as the
anode, but they have different active cathode materials (S or O») that leads to different electrochemical
cell chemistries. Common challenges associated with Li-S and Li-O, batteries include the effective
adsorption of floating reaction intermediates (i.e., lithium polysulfides for Li-S battery and superoxide
for Li-O; battery) that causes serious problems affecting the cell performance, such as short cycle life,

cell polarization, and shuttle reactions.*-’
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Figure 1.7 Specific energies for rechargeable battery systems. Light blue represents the range of
expected specific energy under development. Reprinted from ref. 32. Copyright © 2016, Springer

Nature.



1.4.1 Lithium-Sulfur Battery

The Li-S battery has garnered considerable attentions as the successor to the Li-ion battery due to
its high theoretical capacity (1672 mAh g'), natural abundance, and environmental compatibility of
sulfur.3!3%%° These batteries operate by the reduction of a sulfur compound (Ss) to form various Li>S,
during the discharge process (Figure 1.8).* Despite various attractive features, a few critical challenges
remain for practical applications, such as (i) the insulating nature of solid discharge products (Li,S and
LixS,), (ii) the structural instability of sulfur cathodes, and (iii) the shuttle phenomena of lithium
polysulfides (Li>S,).>**7 Among these problems, the shuttle phenomenon arises because soluble
polysulfides migrate to the Li metal anode, and deposit as insoluble Li,S or Li,S,. These deposits result
in a significant reduction of Coulombic efficiency and capacity.*' Therefore, the shuttle phenomenon is
the most critical challenge to sustainable electrochemical performance of Li-S batteries. Resolving the
adsorption of lithium polysulfides is an important hurdle to develop the advanced Li-S batteries for

practical use.

VRS
VRS

Catalyst

Discharge

Figure 1.8 Schematic illustration of the electrochemical cycle of lithium polysulfides in Li-S battery.

Reprinted from ref. 40. Copyright © 2019, Elsevier B.V.



1.4.2 Lithium-Oxygen Battery

The Li-O, battery, which uses O» as fuel, has the highest theoretical specific energy (3,500 Wh kg~
1) among any battery.*>* Despite this energy storage advantage over many other technologies, the
underlying electrochemistry is still lack of understanding. During the discharge process, O, is initially
reduced to reactive superoxide species (O2™ or LiO;), and subsequently transformed into less reactive
lithium peroxide (Li>O,) (Figure 1.9).* The performance of Li-O; battery is hampered by side reactions
triggered by the nucleophile attack of reactive O," species to the solvent molecules and carbon cathodes,
leading to the formation of Li»COs and LiOH products. 7 While forming the desired Li,O> product
from reactive O,™ species, two different pathways exist that depend on whether the reaction occurs —
on the electrode surface (“surface mechanism”) or in the electrolyte (“solution mechanism”).#347:48:49 I
the surface mechanism, O™ species combines with Li* to become insoluble LiO> on the surface and are
then, electrochemically converted to Li»O,. In the solution mechanism, O™ species, dissolved in the
electrolyte, subsequently form toroidal Li,O» nanoparticles without the transient formation of insoluble
LiO,. The solution mechanism is preferred for higher capacity and longer cycle life because the Li,O»
film formed via surface mechanism hinders electron transfer to the reactant due to the insulating nature
of this film.>® The key factor that determines to follow the solution pathway of Li,O, formation is closely
related to the adsorption strength of a reaction intermediate, LiO», and its relative stability in solution.*’

Therefore, investigations of catalysts that enable proper adsorption control of the reaction intermediate

(02" or LiO;) are promising for the advanced design of Li-O» battery.

Figure 1.9 Schematic illustration of a rechargeable Li-O; battery. Reprinted from ref. 44. Copyright ©
2011, Royal Society of Chemistry.



1.5 Multi-Scale Molecular Simulation

One goal in the development of energy conversion and storage technologies is to gain sufficient
knowledge about key factors that determine the catalytic activity or battery performance. To achieve
this goal, the reaction mechanisms for a variety of classes of materials in different operating conditions
should be fully understood. This knowledge ultimately enables the fine-tuning of the physicochemical
properties of catalysts and battery materials at the atomistic and molecular levels. In this context, multi-
scale molecular simulations play a central role in understanding various physicochemical phenomena
across different temporal and spatial scales (Figure 1.10). Notably, recent advances in computation
power, particularly using parallel computing, have a great potential for interpreting the complex
phenomena in catalysis and energy applications. The choice of proper simulation method to interpret
the target phenomena at the respective time and length scales is crucially important (Table 1.1).
Examples of simulation methods include density functional theory, molecular dynamics, and grand

canonical Monte Carlo simulations, which will be described in further detail below.

Length

Figure 1.10 Time versus length of simulation methods. DFT, GCMC, and MD stand for density

functional theory, grand canonical Monte Carlo, and molecular dynamics, respectively.



Table 1.1 Multi-scale simulation methods, applications and simulation packages.

Simulation
Type Methods Applications
packages
Exchange-correlation DMol3, CASTEP,
Density functional . - Electronic structure analysis )
N (OFT) functional | ation of ] " VASP, Gaussian,
theory - Investigation of reaction pathways
(PBE, PW91, B3LYP, Quantum Espresso
etc)
All-atom molecular Classical forcefield - Dynamics and structural analysis FORCITE,
(COMPASS, OPLS- - Physical movements of large LAMMPS,

dynamics (MD) ]
AA, CHARMM, etc)  molecules (conformational change) GROMACS

Grand canonical Classical forcefield

- Adsorption and diffusion of small .
(COMPASS, OPLS-  pojecules Sorption, RASPA
(GCMC) AA, CHARMM, etc)

Monte Carlo

1.5.1 Density Functional Theory

Density functional theory (DFT) is a quantum mechanics-based method to investigate the
electronic structure of many-body systems, including atoms, molecules, and the condensed phases. In
this theory, the total electronic energy of system can be defined from the spatially dependent electron
density, which significantly reduce the computational costs compared to the conventional methods
based on many-body wave functions (Figure 1.11).>' In energy conversion and storage technology
applications, the rapid development of nano-scale catalysts and battery materials have urged a
fundamental understanding of the underlying reaction mechanism. For this investigation, DFT
calculations provide specific information about the energetics of reactants, intermediates, and products
in a reaction pathway. From a thermodynamic perspective, electrocatalytic active sites can be identified
and their theoretical activity (or performance) can be predicted by calculating the adsorption energy of
plausible adsorbates and reaction intermediates. Moreover, the redistribution of electrons (i.e., charge
transfer) at the interface between catalyst (or electrode surface) and electrolyte can be examined during

the electrochemical process.
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Figure 1.11 Schematic illustration for density functional theory calculation. Reprinted from ref. 51.

Copyright © 2011, Materials Research Society.

1.5.2 Molecular Dynamics

Molecular dynamics (MD) simulation is a useful tool to describe the physical movements of atoms
and molecules in terms of their structure and microscopic interactions. It involves the stepwise
integration of Newton’s equations from a certain starting point. All relevant interactions in the potential
energy surface is mathematically described by the interatomic potentials, referred as ‘forcefield’. The
potential energy of a system can be expressed by a sum of valence, cross-term, and non-bond

interactions,>>>*

Etotal = Evalence + Ecross—term + Enon—bond (1 . 1)

where Evaence 18 the potential energy for valence terms, Ecross-term 1S the potential energy for cross-terms,
which accounts for bond or angle distortions caused by nearby atoms. Enon-bond i the potential energy

for long-range non-bond interactions, respectively. The Evaience can be expressed as,
Evalence = Ebond + Eangle + Etorsion + Einv (1 2)

where Ebong 1S the potential energy for bond stretching, Fangle is the potential energy for angle bending,
Eorsion 18 the potential energy for dihedral angle torsion, and Einy is the potential energy for inversion,

also called out-of-plane (oop) interactions, respectively.
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Eronvond = Evaw + Ecoulomb (1 3)

where Eyqw is the potential energy for van der Waals (vdW) interactions, and Ecouoms 1S the potential
energy for electrostatic (Coulombic) interactions, respectively. The specific functional forms for each
energy term depend on the forcefield. With rapid improvement of computational resources, MD
simulations can reach up to microsecond level, and almost become compatible with biological processes

(i.e., biomineralization) in the experiment.

1.5.3 Grand Canonical Monte Carlo

Grand canonical Monte Carlo (GCMC) simulation is a statistical-mechanical method that uses a
molecular-level model of adsorption from by density fluctuations as a result of the trial insertion and
deletion of molecules. The thermodynamic variables of the grand canonical ensemble are chemical
potential (x), volume (V), and temperature (7). This method is widely used in the simulations of
adsorption equilibrium, since it provides the number of molecules in the pore directly.>® The adsorption
amounts and configurations of guest molecules, which are usually reaction intermediates in the

electrochemical process, can be examined using GCMC simulations.

1.6 Outline of Dissertation

With regard to the energy conversion and storage processes, the energetics of the adsorbed reaction
intermediates is the most important properties that can determine the catalytic activity or battery
performance. This dissertation includes the theoretical studies for adsorption behaviors in catalysis and
energy applications via multi-scale molecular simulation approach. In Chapter 2, we theoretically
demonstrated that the atomically dispersed Pt catalyst on carbon nanotube (Pt;/CNT) could catalyze the
chlorine evolution reaction with excellent activity and selectivity. In Chapter 3, we investigated the
thermodynamics of ion adsorptions on the amorphous intermediate phases of calcium carbonate, which
corresponded to vital precursor phases for catalytic biomineralization. Chapters 4 and 5 commonly
investigate the adsorption of reaction intermediates in next-generation rechargeable batteries such as
Li-S and Li-O; battery. In Chapter 4, we investigated the polysulfide adsorption on the molecular
designed chemical trap in Li-S battery. In Chapter S, we studied the superoxide adsorption and

subsequent disproportionation reaction with a biomimetic catalyst in Li-O, battery.
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Chapter 2. Atomically Dispersed Pt Catalyst for Highly Efficient and

Selective Chlorine Evolution Reaction

This chapter includes the following content:
Lim, T."; Jung, G. Y."; Kim, J. H.; Park, S. O.; Park, J. H.; Kim, Y.-T.; Kang, S. J.; Jeong, H. Y.; Kwak,
S. K.; Joo, S. H. Nat. Comm. 2020, accepted. (1 : equally contributed)

2.1 Introduction

Electrochemical chlorine evolution reaction (CER) plays a pivotal role as the anodic reaction
in the chloro-alkali electrolysis for industrial Cl, production.!** Mixed metal oxides (MMO) based on
precious metals (Ru and Ir), such as a dimensionally stable anode (DSA), have been prevalently used
as CER catalyst.>* However, the MMO catalysts are also highly active for oxygen evolution reaction
(OER).>” That is, they suffer from concomitant generation of oxygen during the CER. To mitigate the
production of O,, the contents of precious metals were reduced but still required high amounts (around
30 at%) to maintain sufficient electronic conductivity for CER.? However, the water activation and
concomitant surface oxidation of MMO are unavoidable, leading to the degradation of the active sites. "
12 Particularly for the membrane-based chlor-alkali electrolysis cell, even a small amount of O, can
combine with permeated H, forming explosive gas mixtures.'*!* Hence, the development of highly
efficient and selective CER catalysts that comprise minimal amounts of precious metal is of great

importance.

To maximize the utilization efficiency of the precious metals, atomically dispersed catalyst
1516 or single-atom catalyst!” have been actively pursued. In this class of catalysts, the metal atoms are
stabilized with the elements of the supports, whose structures are reminiscent of homogeneous
catalysts.!>!-2! The atomically dispersed catalysts can often induce a different reaction pathway to that
of widely used nanoparticle-based catalysts showing distinct selectivity and activity for many

22,23

electrocatalytic reactions,?>* including oxygen reduction reaction,'***2¢ OER,?’?® hydrogen evolution

2930 and fuel oxidation reaction.?!> However, to the best of our knowledge, the atomically

reaction,
dispersed catalysts have never been exploited as an electrocatalyst for the CER; only homogenous

electrocatalysts for generating C1,**** or C10,%-*¢ have been sparsely reported.

Herein, we demonstrate an atomically dispersed Pt—Ny sites on carbon nanotube (Pti/CNT)
catalyst, which produces Cl, with near 100% selectivity in acidic media. Notably, the Pt;/CNT exhibited

superior catalytic activity to Pt nanoparticles on CNT catalyst (PtNP/CNT) in terms of both on-set
17



potential and turnover frequency (TOF). From density functional theory (DFT) calculation, the origin
of excellent CER activity was theoretically elucidated. As a precursor step for the investigation, ab-
initio Pourbaix diagram identified the active adsorbate structures for the CER. Next, the superior CER
activity of Pti/CNT, compared to the PtNP/CNT, was theoretically demonstrated based on the
thermodynamic overpotentials. Moreover, by combining the experimental and theoretical data, the full
free energy diagram for the CER was constructed. This provided an in-depth understanding on the
mechanistic pathways of Pt;/CNT, which follows the Volmer-Heyrovsky mechanism. The atomically
dispersed Pt catalyst consisting of Pt—N4 sites may extend the scope of CER catalysts beyond the
hitherto-dominated MMOs, with maximised precious metal atom utilization for the CER and minimized

activity for the OER.

2.2 Methods

2.2.1 Calculation Details

Spin-polarised DFT calculations were performed using the DMol® program®”38, The exchange-
correlation energy was described by the generalised gradient approximation with Perdew-Burke-
Ernzerhof (GGA-PBE) functional®®. The semi-empirical Tkatchenko-Scheffler (TS) approach® was
applied to correct the van der Waals interactions. DFT semi-core pseudopotentials* were used for the
core treatment. The double numerical polarization (DNP) 4.4 level was employed as basis set with the
orbital cut-off of 4.5 A. The implicit water environment was applied by the conductor-like screening
model (COSMO)* using the dielectric constant of 78.54. For the geometry optimization, the
convergence criteria were set to 1.0x 107 for energy, 0.002 Ha A ~! for maximum force, and 0.005 A for
maximum displacement, respectively. For PtO, (110) surface, the Brillouin zone was sampled by the
Monkhorst-Pack scheme* using 2x2x 1 k-points where the dipole slab correction was applied. The self-
consistent field tolerance for single-point energy calculation was set to 1.0x107° Ha with the thermal

smearing parameter of 0.005 Ha.

2.2.2 Model Systems for Calculation

For the Pti/CNT, three molecular species (i.e., PtN4Ci2, PtN4Cio, and PtN2:2C4+4) Were chosen as
the possible structural configurations of the Pt—Njy sites. For the PtNP/CNT, we chose the (110) surface
of distorted rutile PtO, (which was found as the thermodynamically most stable phase) as a representing
model system, following the report that Pt nanoparticles exist in an oxidised form near 1.36 V vs. SHE.
“ First, the unit cell of B-PtO, was fully relaxed by DFT calculations (i.e.,a=458 A, b=4.61A, and
¢ =3.20 A), where the lattice parameters were well matched with experimental values.*® Subsequently,

a 2x1x1 supercell of PtO, (110) surface slab was modelled with nine atomic layers (3 O—Pt—O repeat
18



units), where bottom two layers were fixed to represent the bulk region (i.e., 6.41 x 6.49 x 27.1 A3). On
top of the surface, four possible adsorption sites exist involving two coordinatively unsaturated (cus)

sites and two bridging O sites.

2.3 Results and Discussion

2.3.1 Experimental Measurements of CER Activity and Selectivity

We investigated the electrocatalytic performances of the catalysts using a rotating ring-disk
electrode (RRDE) setup*® in 0.1 M HCIOs in the presence and absence of 1.0 M of CI". Figure 2.1
displays the CER polarization curves of the catalysts in the presence of 1.0 M NaCl, which clearly
indicate the superior CER activity of Pt;//CNT compared to CNT, PtNP/CNT, and commercial Ru/Ir-
based DSA catalysts. Pt;//CNT started to catalyse the CER at a potential of 1.38 V, which is 30 mV
higher than the Ecer (1.35 V vs. reversible hydrogen electrode, RHE, for 25 °C). Pti/CNT delivered a
current density of 10 mA ¢cm 2 at an overpotential of 50 mV, which is much lower than those of DSA
(105 mV) and PtNP/CNT (120 mV). Notably, in the absence of NaCl, Pt;/CNT delivered virtually no

faradaic currents for Cl, evolution, suggesting near 100% CER selectivity.

—— Pt,/CNT
309 ___ DSA
. { —— PINP/CNT
TE 20 4 — CNT
2 - --- Pt,/CNT
I (O M CI)
e
= 10 -
1 0.1 M Heio,
1.0 M NaCl
0 e e
| ! | ! | ! | !

12 13 14 15 16
E - iR (V vs. RHE)

Figure 2.1 CER polarization curves of Pt;/CNT, PtNP/CNT, DSA, and CNT catalysts obtained in 0.1
M HCIO4 + 1.0 M NaCl at an electrode rotation speed of 1600 rpm and a scan rate of 10 mV s™'. The
polarization curve of Pt;/CNT catalyst measured in 0.1 M HClOy is also shown. The DSA catalyst (1

cm X 1 cm) was measured without electrode rotation.
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Figure 2.2 Chronoamperograms of Pt;/CNT and PtNP/CNT catalysts deposited on a carbon paper (1
cm % 1 cm) and DSA catalyst (1 cm % 1 cm) measured in 0.1 M HCIO4 + 1.0 M NaCl for 12 h with a
stirring speed of 300 rpm.

The stability of Pt;/CNT was examined by chronoamperometry (CA) at an initial current density
of 10 mA cm ™ (Figure 2.2). Pt;/CNT retained 72% of its initial current after 12 hours of CER operation,
which was similar to that of DSA. In contrast, PtNP/CNT underwent more severe degradation
preserving only 50%, which could originate from the dissolution of Pt, as even a trace amount of Cl™
accelerates the formation of metastable chloro-Pt complexes.*” Meanwhile, the Pt-Ny sites in the

Pti/CNT could mitigate the formation of the chloro-Pt complexes by its strong ligation with N.

O L | L L

0.1 1 10
j (MmA cm™)
Figure 2.3 Tafel plots of Pt;/CNT, PtNP/CNT, and DSA catalysts.
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The kinetic information of the catalysts for CER was gleaned from Tafel analyses (Figure 2.3).
Pt;/CNT showed a Tafel slope of 38 mV dec.™! in the potential range of 30—70 mV, whereas those of
PtNP/CNT and DSA were 52 mV dec.”! and 60 mV dec.! in the range of 40—80 mV, respectively. The
Tafel analyses suggest that the CER on Pt;/CNT proceeded with faster kinetics than on PtNP/CNT and
DSA. The Tafel slope of 38 mV dec.! indicates that the CER on Pt;/CNT may proceed via the Volmer-

Heyrovsky mechanism.*-5!

2.3.2 Ab Initio Pourbaix Diagrams

The Pourbaix diagram represents the thermodynamically stable surface structures in
electrochemical systems as a function of pH and electrode potential (U). Note that the detailed
description about the Pourbaix diagram is reported elsewhere.***>> In this study, we constructed the
Pourbaix diagrams for Pt—Nj sites and PtO, (110) surface by calculating the adsorption free energies
for all plausible adsorbates (i.e., H", O", OH", OOH", CI*, CIO", and ClO,", see Figures 2.4 and 2.5).
Note that * denotes the adsorbed states on the surface. A generalised description for the adsorbates

(denoted as O,,H,Clx) on the site (denoted as S) can be written as
S*+mH,0 + k(CI” —e™) = S-0,,H,,Cl;," + @m —n)(H* + e"7) 2.1

By rewriting equation (2.1), each reaction can be represented as follows,

S*2SH —(H'+e) (m=0,n=1 k=0) (2.2)
S*+H,0=25-0"+2(H*+e) (m=1n=0, k=0) (2.3)
S*+H,0=2S-OH'+(H*+e") (m=1n=1, k=0) (2.4)

S* 4+ 2H,0 =2 S-OOH* + 3(H* +e”) (m=2 n=1, k=0) 2.5)

S*+(CI —e)=2SCl" (m=0,n=0, k=1) (2.6)

S*+H,0+4 (ClI” —e”) 2 SCIO* +2(H*+e”) (m=1n=0, k=1) @2.7)
S* 4+ 2H,0 + (CI" —e™) 2 S-ClO,* + 4(H* +e”) (m=2,n=0k=1) (2.8

where S* denotes the bare site without adsorbates.
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I3tN2+2C4+4

Cr

OOH"

Figure 2.4 Model systems for plausible Pt—Nj sites including PtN4Ciz, PtN4Cio, and PtN2+2Cass. Six
plausible adsorbates (i.e., C1O", CI", H", OOH", O", and OH") were considered. Coordination numbers
(CNs) of Pt atoms in the PtN,:+>Cs+4 are labelled below. The white, black, pink, dark-blue, purple, and
yellow-green coloured spheres represent the hydrogen, carbon, nitrogen, platinum, oxygen, and chlorine

atoms, respectively.



20, 2CIO, 20, 1CIO,

20H, 20H;

Figure 2.5 Model systems for PtO; (110) surface including four plausible adsorption sites in top view.
Among four plausible adsorption sites, including two bridged oxygen and two coordinatively
unsaturated (cus) sites, a total of 18 combinations of adsorbate species (i.e., Oy, OHy at bridge sites as
well as OH,, Cl, Oc, OOH,, Oy, ClO; at cus sites, respectively) were considered. Black dotted circles
represent the adsorbate structures. Topmost layers are magnified with ball-and-stick style for
visualization. The dark-blue and red spheres represent the platinum and oxygen atoms at the surface.
The white, yellow-green, and purple spheres represent the hydrogen, chlorine, and oxygen atoms for

the adsorbates, respectively.
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Then, the adsorption free energy (AG) for O,H,Cl; species can be defined as follows,

AG = Gso, n,c1,- T @m—n)(Gy+ + Ge-) — k(G- — Ge-) — Gs+ —mGy,0 (2.9)

where m, n, and k are the number of oxygen, hydrogen, and chlorine atoms, respectively. From DFT

calculation, the AG for each adsorbate species can be calculated as follows,

AG = AE + AZPE — TAS (2.10)

where AE is the binding energy for each adsorbate, AZPE is the change in zero-point vibrational

enthalpy, and —TAS is the entropic correction at room temperature.

By rewriting equation (2.9), the AG for each species can be represented as follows,

AGy = Gogp — Gyt + Ge-) —Gs+ (m=0,n=1, k=0) (2.11)
AGo: = Gso + 2(Gy+ + Ge-) — Gg» — G0 (m=1, n=0, k=0) (2.12)
AGoyr = Gson + (Gt + Ge=) — G — G0 (m=1,n=1, k=0) (2.13)

AGoon* = Gs.oon* + 3(Gy+ + Ge-) — Gs+ — 2Gy,0 m=2,n=1k=0) (2.149

AGey = Gsof — (G- — Ge-) — G (m=0,n=0,k=1) (2.15)

AGeior = Gs.cror + 2(Gy+ + Ge-) — (Gom — Ge-) — G+ —Gu,o (Mm=1, n=0, k=1) (2.16)

AGeyo,” = Gs.cio,* +4(Gy+ + Ge-) — (G- — Ge-) — G — 26,0 (M =2, n=0, k=1) (2.17)
Herein, Gy+ + Ge- and G- — Ge- is defined as a function of Usug, pH, and (nac-,

G+ + Ge- =5 Gy, — Uspr — In 10~ kT - pH (2.18)

Ger = Ge- =5 Gey, + Usyp — 1.36 + Inag- - kyT (2.19)
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where Usue, ks, and T is the electrode potential (vs. theoretical standard hydrogen electrode, SHE),
Boltzmann constant, and temperature, respectively. Considering that CI™ concentration is nearly
constant under reaction condition by using NaClO4 as a buffer solution, In ac- was assumed to be

negligible for our calculation.*® At finite Usne and pH, the AG can be expressed as:
1
AG(U, pH) = Gs.o, .1 + (2m — ) (5 G, — Usip — In 10 kpT - pH)

1
—k (5 Gar, + Usie — 1.36) — Gs» — mGy,0 (2.20)

By rewriting equation (2.20), the AG for each species as a function of Usue and pH can be defined

as follows at standard conditions (7= 298 K).

1
AGy+ (U, pH) = Gy gy — (3 Gy, — Usip — In 10 kgT - pH) — G-

= AGy+ + Ugpyp + 0.059 - pH 2.21)

1
AGo-(U, pH) = Gy +2 (5 Gy, — Usip — In 10 - kT - pH) = G+ = Gty

=AGgy — 2Ugyp — 0.118 - pH (2.22)

1
AGoy: (U, pH) = Gs.op + (3 Gy, — Uspe — (10 - kpT - pH) — Gg- — G0

= AGoy+ — Ugy — 0.059 - pH (2.23)

1
AGoow: (U, pH) = Gs.oon +3 (5 G, — Usie — In 10 - kpT - pH) = G+ = 26,0

= AGOOH* - 3USHE —-0.177 - pH (224)

1
BGer (U, pH) = Gs.cr — (3 Ger, + Usip — 136) — s

= AGey — Ugyg + 1.36 (2.25)
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1
AGeior (U, pH) = Gs.cior + 2 (3 Gr, — Usie — (10 - kT - pH)

1
—~ (E G, + Ushe — 1.36) — Gg — Gy
= AGeor — 3Usyg + 1.36 — 0.118 - pH (2.26)

1
AGClOZ*(U' pH) = GS—CIOZ* +4 (E GHZ - USHE —I[n10- kBT ) pH)

1
- (E Gy, + Uspe — 1.36) — Gg — 26y, 0

= AGco,* — SUsye + 1.36 — 0.236 - pH (2.27)
Using above equations (2.21 ~ 2.27), AG’s for all species as a function of Usug were initially found
for Pt—Nj sites at pH = 0 (Figure 2.6). For the PtO, (110) surface, the AG’s for all plausible adsorbates

and their relevant combinations (i.e., Oy and OHj at bridge sites and OH, Clc, Oc, OOH,, Ox), and CIO.

at coordinatively unsaturated (cus) sites, respectively) were calculated at pH = 0 (Figure 2.7).
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Figure 2.6 The adsorption free energy for plausible adsorbates on three Pt—Ny sites. Seven plausible
adsorbates (i.e., bare (*), CI", O", ClIO*, OH", H", and OOH") on Pt—Nj, sites were considered as a
function of the theoretical standard hydrogen electrode potential (Usug) at pH = 0: a, PtN4Ci2, b, PtN4Cio,

and ¢, PtN2Caia.
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Figure 2.7 The adsorption free energy (AG) for plausible adsorbates on PtO; (110) surface. A total 18
plausible combinations of adsorbate species (i.e., Op, OH, at bridge sites as well as OH,, Cl., O., OOH,,
O3, ClO¢ at cus sites, respectively) were considered as a function of the theoretical standard hydrogen
electrode potential (Usue) at pH = 0. Black dotted lines represent the phase boundary where two
adsorbate species exist in equilibrium. The most stable adsorbate species at each area (divided by black

dotted line) are labelled below.

From the calculated adsorption free energies (AG’s) of possible adsorbates (i.e., *, C10", CI°, H",
OOH", O, and OH") for Pt—Nj sites (Figure 2.6), we constructed Pourbaix diagrams, which provide
the thermodynamically most stable adsorbate structures under applied electrode potential (U) and pH
(Figure 2.8). The Pourbaix diagram is constructed from an ab-initio constrained thermodynamics
approach, i.e., the reactants are adsorbed on surface while the subsequent formation of product does not
proceed.>* The active adsorbate structure, which is identified as the thermodynamically most stable, can
promisingly serve as a starting point for the investigation of mechanistic pathways. The CER is pH-
independent on the standard hydrogen electrode (SHE) scale and thus appears as a horizontal line at the
equilibrium potential of 1.36 V vs. SHE. In contrast, the equilibrium potential for OER exhibits a
decreasing trend with a slope of =59 mV pH !, starting from Uspg (theoretical SHE potential) = 1.23 V
and pH = 0.%* Considering that the present CER operating condition was acidic for Pt;/CNT (pH = 1),
CI” species were predicted as the most probable adsorbate structures for CER on the Pt—Ny sites.
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Figure 2.8 Pourbaix diagram of theoretical standard hydrogen electrode potential (Uswe) vs. pH for
three Pt—Nj sites in equilibrium with H*, CI- and H,O at room temperature. a, PtN4C;2, b, PtN4C;o, and
¢, PtN»+2Cs+4. Blue dashed line and red dashed line represent the equilibrium potential for CER in the
SHE scale (Usq = 1.36 V) and for OER (U, = 1.23 V — 0.059 pH), respectively. Black solid lines

represent the phase boundary where two adsorbate species exist in equilibrium.
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The Pourbaix diagrams for PtO, (110) surface (representing the PtNP/CNT) revealed that both
20,2Cl. and 20,2CIO. can be possible active adsorbate structures, especially at the acidic CER
operating condition (i.e., Usue =~ 1.36 V, pH = 1), where they had similar thermodynamic stability by

sharing a phase boundary line (Figure 2.9).

20, 2ClO,

Ushe (V)

Figure 2.9 Pourbaix diagram of theoretical standard hydrogen electrode potential (Usug) vs. pH for
PtO; (110) surface. Red dashed line and blue dashed line represent the equilibrium potential for CER
(Usue = 1.36 V) and that for OER, respectively. Black solid lines represent the phase boundary where

two adsorbate species exist in equilibrium.
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2.3.3 Theoretical Evaluations on the CER Activity

To theoretically investigate the CER activity, we calculated the free energy diagrams for CER in
the Pt—Nj sites and PtO, (110) surface. To do this, two possible reaction mechanisms including different

intermediates (i.e., Cl" or C1IO") were considered,
) Pathway mediated by the CI” species:
S*+Cl (ag) = S-CI" + e~ (2.28)
S-CI" + Cl™(aq) = S* + Cl,(g9) + e~ (2.29)
(1 Pathway mediated by the CIO" species:
S-0" + Cl™(agq) = S-CIO" + e~ (2.30)
S-CIO* + Cl™ (aq) = S-O" + Cl,(g9) + e~ (2.31)

where (aq) and (g) represent aqueous and gaseous phases, respectively. The AE’s for each reaction

intermediate were calculated relative to the Cl, gas molecule as follows,
AECI* = ES_CI* - Es* — 0.5EC]2 (232)
AEcio* = Es.cio* — Es — 0.5Eq, — (En,0 — En,) (2.33)

Using equation (2.10), (2.12), (2.15), and (2.16), AGci+, AGcio+, and AGo+ can be calculated. Then, the

thermodynamic overpotential for CER at zero overpotential (77rpcer)) can be defined as follows,

m For * and CI” species:

4G |
e

TITD(CER) = (2.34)

(D) For O" and CIO" species:

|AGC|0*_AGO*
e

NTD(CER) = (2.35)
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Figure 2.10 Free energy diagrams for CER over Pt-N4 clusters and PtO, (110) surface at zero
overpotential (77cer = 0 V).

With the above-identified active adsorbate structures for Pt—Nj sites and PtO, (110) surfaces, we
calculated the free energy diagrams for CER to theoretically evaluate the catalytic activity (Figure 2.10).
The thermodynamic overpotential for CER can be defined from the AG divided by the elementary
charge at zero overpotential (i.e., rpcer)y = AG/e), which depends on the reaction intermediates as
follows: AGcy+ for bare structure (*) and Cl” species, and AGcior — AGo+ for O" and CIO” species,
respectively.”> Among Pt—Nj sites, PtN4Ci» was identified as the most probable structure for CER due
to its lowest 77rpcery 0f 0.09 V at zero overpotential. In the case of PtO, (110) surface (Figure 2.10 and
2.11), CIO" species (77rpcery = 0.20 V for 20,2C10.) were found to be closer to the thermoneutral state
(AG = 0) than CI" species (7rpcer) = 0.62 V for 20,2Cl.), implying that CIO" species were identified
as the reaction intermediate for the CER on the PtO; surface of the PtNP/CNT, similar to other precious
metal oxides, such as IrO, and RuQ,.*!*® Therefore, we theoretically demonstrated that the CER

activity of Pti/CNT was superior to that of the PtNP/CNT.
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(20, 10.1CIO,) (20, 2CIO,) (20, 10,1CIO,)

Figure 2.11 Model systems for PtO;, (110) surface for CER (top view). Two plausible intermediate
structures including 20,2Cl. and 20,2C1O. were considered. Black dotted circles represent reaction
sites. Topmost layers are magnified with ball-and-stick style for visualization. Dark-blue and red
spheres represent the platinum and oxygen atoms at the surface, while the yellow-green and purple

spheres represent chlorine and oxygen atoms for the adsorbates, respectively.

2.3.4 Stability Against Pt Dissolution

The extent of dissolution of Pt from Pt—Njy sites relative to that from Pt(111) surface could be
gauged with the electrode potential shift (AU) for reaction Pt — Pt** + 2¢", by following the previous
reports (Supplementary Fig. 32).°°% The AU is defined by,

AU = —[Hpt-m - #Pt(111)]/26’ (2.36)

where ppiy, and ppy111) are the chemical potentials of Pt atoms on the Pt-Nj sites and Pt(111)

surface, respectively. Note that the dissolutions of Pt atoms are assumed to only occur on the outermost
layer of the surface. Assuming the reference state as Pt bulk state, the pp.y, and ppy111) were

calculated as follows,
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UpeN, = Epen, — Eptfree — Ept-bulk (2.37)
Epeci11) = Epei11) — Eptleached — Ept-bulk (2.38)

where Epi.ns, Epifree, Eptbulks Epyin), and Epiicached Tepresent the DFT-optimised energies of Pt—Ny sites,
Pt—Nj sites where the Pt atom is not included, a Pt atom in the bulk unit cell, perfect Pt(111) surface,

and Pt(111) surface where a single Pt atom on the outermost surface is leached, respectively.

The stability against Pt dissolution for the Pt-N4 sites were evaluated based on the AU, which was

gauged with reference to the dissolution on the Pt(111) surface (Figure 2.12).

Figure 2.12 shows the AU for reaction Pt — Pt** + 2¢” in the Pt-Nj sites. The positive value of AU
implies that the dissolution of Pt on the Pt—Nj sites requires more energetic cost compared to that from
Pt(111) surface.>”>® PtN4Ci» species were found to be thermodynamically more stable than other ones.
Thus, besides good CER activity (Figure 2.10), it further supports that PtN4C, species are feasible to

exist in the Pt1/CNT on a theoretical viewpoint.

-1 T T T ZE‘VX‘

PtN,C15 PtN,C1o  PtN,.5Cais Pt(111) Pt(111)

perfect leached
Figure 2.12 a, Electrode potential shift (AU), which was gauged with the difference in chemical
potential of Pt atom in the Pt-N, sites and that on the Pt(111) surface [i.e., ppn, — Mpeci11)]- The

black dotted line represents the dissolution potential of Pt(111) surface. b, Schematics for leaching a Pt

atom on the Pt(111) surface, used for ppy111y calculation. Colour legends — Pt(top-most): dark-blue;

Pt(second-most from top): black; Pt(third-most from top): gray; Pt(bottom-most): light-gray. The red

dotted circle indicates the leaching site on the outermost layer.
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2.3.5 Full Free Energy Diagram of CER over Pt;/CNT

By combining the experimental data for kinetics and theoretical data for thermodynamics, we
constructed a full free energy diagram along the reaction coordinate of CER over the Pt;//CNT. In this
approach, which was recently invented by Exner and co-workers,** the free energies of the transition
states (T'S’s) are obtained from the experimental Tafel plots, whereas the free energies of the reaction
intermediates are determined from DFT calculations. Details regarding the definition and derivation of
this approach are fully given in the earlier works by Exner and co-workers.**®° Within the Butler-

Volmer formalism, the Tafel slope, b, is defined by following equation,

_ kgTIn(10)

= 2.39
e (Y+rrdsk) ( )

where kg is Boltzmann’s constant, 7" is temperature, e is elementary charge, y is integer number of
transferred electrons before the rate-determining step (rds), 7 is 0 for chemical (i.e., no charge transfer)
and 1 for electrochemical step, and o is transfer coefficient of the considered reaction step £,
respectively. With increasing overpotential for the CER (7cer), the experimental Tafel plot reveals two
linear Tafel regions with b of 38 mV/dec (0.030 V < 75cer <0.070 V), and 79 mV/dec (0.075 V <
neer < 0.102 V), respectively (Figure 2.13).

100 4 75 mV € 70er £ 102 mV
Second Tafel region
80 1 79 mV dec.™

60 - 30 mV £ e £ 70 mV
First Tafel region

Ncer (MV)

-1
40 - 38 mV dec.
20 - Jo
1 (0.43
0 LAY L L
0.1 1 10 100

Jj (mA cm™)
Figure 2.13 Experimental Tafel plot exhibiting two linear Tafel regions with Tafel slopes of 38 and 79
mV dec!. The fitting ranges of overpotential for CER (7cer) are indicated. The exchange current density

Jjo is given by the extrapolation.
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At room temperature, the respective ¥, s, and oy for each Tafel region were determined as y= 0,
rs = 1, on = 0.83 (for first region, k = 1) and y= 1, r4s = 1, o = 0.58 (for second region, k = 2),

respectively. The overall current density (j) can be expressed as a function of 7cer,

. kpT-2ely Glas .
log(j(ncer)) = 108( ? he t) - kBTlrfl(lo) + ni)j = log(jo) + % (2.40)

where £ is the Plank’s constant, 75 is the number of active sites per area, G"«s is the TS free energy at

the rds, and jo is the exchange current density, respectively.

1.2

1.0 Heyrovsky step Volmer step

0.8
0.6
0.4
0.2
0.0
-0.2

AG (eV)

1@7cer =0V 1-€ Teer
-1 @77cer = 0.09 V 2m

Cr *+Cl, + e” Cl, + 2e-
Reaction coordinate

Figure 2.14 Full free energy diagram along the reaction coordinate of CER over the Pt;/CNT at
respective overpotential for CER (7cer) of 0 V (black thick lines) and 0.09 V (red thick lines). #; and
#, represent the transfer coefficients at each transition state (TS), which are determined as 0.83 and 0.58
from experimental Tafel plot, respectively. The TS with higher free energy at the respective 7jcer is
indicated by purple line. Orange arrows represent the decreased amounts of free energies by applied
ncer for each state (i.e., first TS (denoted as ‘#;”), intermediate state, second TS (denoted as ‘#,’), and
final state, respectively). The free energy change for reaction intermediate at zero overpotential

(AGtp(cer)) 1s indicated by blue arrow.
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The 73 was obtained from the equation (2.41):
Lo =m X Ny (2.41)

where m is the molar number of Pt-catalyst loaded on the electrode (i.e., 14.00 nmol/cm? for Pt;/CNT),

and N, is Avogadro’s number (6.022 x 10%). From the log(jo), we can determine the G*.4s as follows,

Glas = kpTin(10) (log (X222 — 1og(jy)) (2.42)

The G*«4s’s were determined as 0.75 (for first TS) and 0.80 eV (for second TS) in the Pt;/CNT.
When the 7cer is applied (77cer > 0), the free energies of each state are affected by the number of
transferred electrons, z [i.e., z= 0, 1, and 2 for initial state (IS), intermediate state (IM), and final state
(FS)] and e [i.e., ou = 0.83 for first TS, and (1+a,) = 1.58 for second TS, respectively]. Resultingly,
with increasing 7jcer, the free energies for the first TS, IM, second TS, and FS along the reaction
coordinate of CER over Pti/CNT were lowered by 0.83-e-7cer, 1-e*7cer, 1.58-e*1jcer, and 2-e- 7cer,
respectively (Figure 2.14).

The resulting full free energy diagram of CER over the Pti/CNT revealed that the Heyrovsky
step is the first step in the reaction pathway since the PtN4Ci, species, i.e., active site in the Pt;//CNT,

already involved the C1” species at acidic CER condition (Figure 2.15).
Heyrovsky step : CI' + Cl" — *+ Cl + ¢ (2.43)

Subsequently, the Volmer step followed as the second step to close the electrocatalytic cycle, which

was identified as the rds with higher TS free energy at zero overpotential (i.e., Gy, = 0.75 eV for

Heyrovsky step, and Gy, =0.80 eV for Volmer step, respectively).
Volmer step: *+CL+Cl'+¢ — CI"+ChL+2¢ (2.44)

However, for ncer = 0.09 V, which corresponded to the thermodynamic optimum of PtN4Ci, species
for the CER (i.e., 7cer = nrocer)), the Heyrovsky step became the rds with a slightly higher TS free
energy (i.e., Gy, = 0.67 eV for Heyrovsky step, and Gy, = 0.66 ¢V for Volmer step, respectively,
Figure 2.14). The TS free energies of step #; (G4, (11cgr)) showed that with increasing 7cer, the rds was
switched from the first TS (Heyrovsky step, i = 1) to the second TS (Volmer step, i = 2) due to the larger
decrease of free energies by 77cer in the Volmer step (indicated by the slope, dGy,(cer)/dNcer)-
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Figure 2.15 Transition state (TS) free energy corresponding to the step #; (G#i(nCER)) as a function of
applied overpotential 7jcer in the Pti/CNT. The first step (#1) corresponds to the Heyrovsky step, while
the second step (#:) corresponds to the Volmer step, respectively. The black dotted line indicates the
thermodynamic optimum of PtN4Ci, species, where the 7cer equals to the thermodynamic overpotential

for CER [i.e., T]ICER = T]TD(CER) (: 0.09 V)]

A recent study highlighted that the thermodynamic measure for the activity would be more helpful
if it is evaluated at target overpotential (77 > 0), not at zero overpotential (77 = 0).%! Specifically, the use
of rro would be only valid around zero overpotential because the connection between the BEP relation
and Sabatier’s principle was defined at zero overpotential. However, if the overpotential increases by ~
0.10 V or higher, which is far from equilibrium, the linkage between two concepts cannot be convinced.
From our results, the absolute value of free energy for the IM (|JAG(7cer)|) showed that it reached the
thermoneutral state at the point where the 7cer equals to the thermodynamic overpotential for CER (i.e.,
nrocer) = 0.09 V for PtN4Ci, species, Figure. 2.16). Considering that typical CER overpotentials for
chlor-alkali process are about ~0.1 V,%62 PtN4C}, species in the Pti/CNT would be more beneficial for

industrial chlorine electrocatalysis since they can reach nearly thermoneutral state at target overpotential.
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Figure 2.16 Transition state (TS) free energy corresponding to the step #; (G#i(nCER)) as a function of
applied overpotential 7jcer in the Pti/CNT. The first step (#1) corresponds to the Heyrovsky step, while
the second step (#:) corresponds to the Volmer step, respectively. The black dotted line indicates the
thermodynamic optimum of PtN4Ci, species, where the 7cer equals to the thermodynamic overpotential

for CER [i.e., T]ICER = T]TD(CER) (: 0.09 V)]

2.3.6 CER Selectivity Compared to the OER

To investigate the thermodynamic overpotential for OER at zero overpotential (77rpoEr)) of Pt—N4

sites, we assumed the conventional four-electron pathway for the OER as follows,

S$*+ H,0(l) = S-OH" + (H* +e7) (2.45)
S-OH" = 5-0"+ (H* +e7) (2.46)

S-O" + H,0(l) = S-OOH" + (H* +e7) (2.47)
S-OOH* 2 §* + 0,(g) + (H* +e7) (2.48)
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where (/) indicates the liquid phase. The AE’s for each reaction intermediate were calculated relative to

H>0O and H; molecules as follows,

AEOH* = ES-OH* - ES* - (EHZO - OSEHZ) (249)
AEog = Eg o — Eg» — (EHZO - EHZ) (2.50)
AEoon = Es.oon* — Es+ — (2Ey,0 — 1.5Ey,) (2.51)

where Es.ou+, Es.ox, and Es.oon+ are the total energies of adsorbed state of the Pt—Nj sites (i.e., OH", O,
and OOH"); Es- is the total energy of bare state of the Pt—Ny sites; Ewo and En, are the total energies
of an isolated water molecule and hydrogen gas, respectively. The reaction free energy of equations

(2.45-2.48) (AG1, AG,, AG3, AGy) for OER can be calculated as follows,

AG; = AGpyy (2.52)
AG, = AGo+ — AGeyyr (2.53)
AG3 = AGoons — AGor (2.54)
AG, = 4.92 — AGooyr (2.55)

Finally, rrpoer) can be defined as

max [A Gl,Acz,A G3 A G4]
e

TD(OER) = —Ugq [V] (2.56)

where Ugq indicates the equilibrium potential for OER (i.e., 1.23 V vs. SHE).
Table 2.1 Adsorption free energies (AG’s) of OH”, O°, and OOH" on Pt—Nj sites (i.e., PtN4C2, PtN4C1o,

and PtN»1,C4+4) and thermodynamic overpotentials for OER (7rpoer)) at the overpotential (770gr) of 0
and 0.13 V.

Sites AGon- (eV) AGor(eV)  AGoow (V) g;(‘;’i‘z(: 2,) ( @Z:)';fi“)o(;;) V)
PINLC1» 2.45 435 531 1.22 1.09
PN4Cio 2.10 4.12 5.07 0.87 0.74

PtN212Caig 0.82 1.97 3.95 0.75 0.62
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Figure 2.17 Free energy diagrams for the OER on Pt—Nj sites at zero overpotential (770er = 0 V); a,
PtN4C12, PtN4Cio and b, PtN2:,Cs44. The active adsorbate structures for each model were employed as

initial steps (i.e., bare structure (*) for PtN4Ci> and PtN4Co, and O for PtN»:,Ca.4, respectively). The
black dotted line represents the thermoneutral state (i.e., AG = 0).

To further verify the high CER selectivity compared to the OER, we obtained the free energy
diagrams for OER on the Pt—Nj sites (Figure 2.17). Note that the thermodynamic overpotentials for
OER (7rpoer)) of all Pt—Ny sites were evaluated at the overpotential of 0.13 V (i.e., norr = 1.36 V —
1.23 V=0.13 V), to be referenced to the same potential for the CER (i.e., 77cer = 0 V). For PtN4Ci» and
PtN4Cio species, OH" adsorption from H,O(/) was found to be the most endothermic among reaction
steps, corresponding to the potential determining step (PDS) with a large theoretical overpotentials for
OER [i.e., nrooer) above 0.74 V (Table 2.1)]. Although the PtN,+,C4:4 site exhibited relatively stable
reaction pathways due to the CN =4 for oxygen-involving intermediates compared to other Pt—Njy sites

(Figure 2.4), it was still considered inactive for OER with very high overpotential 77rpoEr) of 0.62 V.
This result was in good agreement with experimental observation, where OER did not occur even in the
absence of CI” for Pt;/CNT. Particularly focusing on the PtN4Ci» species, which most plausibly
catalyzes the CER in the Pt;//CNT, a huge difference between 7mrpoer) and 7rpcer) at the PDS (i.e.,

nrooEr) — roecer) = 0.99 V) further corroborates the excellent CER selectivity of Pti/CNT compared
to the OER.
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2.4 Conclusion

In this study, we demonstrated the atomically dispersed Pt—Nj site on the CNT could catalyse the
CER with high activity and selectivity. From the experimental results, Pt;//CNT exhibited excellent CER
activity with a lower overpotential and Tafel slope, compared to PtNP/CNT and commercial DSA
catalysts. Notably, Pt—Njy sites in the Pt;/CNT could preserve more stable structure than PtNP/CNT, by
mitigating the formation of the chloro-Pt complexes due to its strong ligation with N. From the ab-initio
Pourbaix diagram, we initially identified the active adsorbate structures for the Pt—Nj sites as the CI*
species, which corresponded to the most plausible reaction intermediate for the CER. Meanwhile, the
active adsorbate structures for PtO; (110) surface representing the PENP/CNT involved the CIO" species,
similar to other MMO catalysts. Among Pt—Nj sites, PtN4Ci> was identified as the most plausible active
sites for CER with the lowest 7rpcer) of 0.09 V at zero overpotential. Besides good CER activity,
PtN4C12 species were also stable against Pt dissolution, which were feasible to exist in the Pt;/CNT.
Finally, the full free energy diagram of CER over the Pt;/CNT, which combines the experimental data
for kinetics and theoretical data for thermodynamics, revealed that the CER on Pt;/CNT may follow
Volmer-Heyrovsky mechanism, with the changes in RDS depending on the applied overpotential. The
excellent CER selectivity of PtN4Ci» species compared to the OER was further verified by a huge
difference in 7rp at the PDS. In conclusion, this work presents the first use of atomically dispersed
catalysts for CER. We envision that this type of catalysts may be exploited as a potential alternative to
MMO-based catalysts, whose activity and selectivity are intrinsically by the scaling relationship

between CER and OER.
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Chapter 3. Thermodynamic Control of Amorphous Calcium Carbonate

Phases via Ion Adsorption in Catalytic Biomineralization

This chapter includes the published contents:
Jung, G. Y.; Shin, E.; Park, J. H.; Choi, B.-Y.; Lee, S.-W.; Kwak, S. K. Chem. Mater. 2019, 31, 7547-
7557. Reproduced with permission. Copyright © 2019 American Chemical Society.

3.1 Introduction

Biomineralization refers to a process that living organisms produce minerals, which can be
ubiquitously found in natural environments such as corals,! sea urchins,>* shells of mollusks,* teeth’
and bones.® Among them, calcium carbonate is the most abundant substance, which has been widely

? and industry.!®!! The specific interest regarding this

used in the fields of agriculture,” medicine®

material is mostly related to its disordered intermediate phase called amorphous calcium carbonate

(ACC),>*'*15 which retains a prominent local order in the short range (within 5 A).'° In general, ACC

exists in a hydrated form and then transformed into final crystalline phases (i.e., calcite, vaterite, and

aragonite) via stepwise process, including dehydration into anhydrous ACC and its subsequent

crystallization.!”!® In this regard, tuning the local structure of ACC has been increasingly recognized as
19-21.

a crucial factor for controlling the phase transition pathways'”“'; however, its structure-property

relationship is still lack of understanding.”

From this viewpoint, the introduction of additive ions can catalyze the biomineralization process
(referred as ‘catalytic biomineralization’)** because it enables the tuning of local order in ACC by
altering the hydrophilicity and coordination geometries with adjacent water molecules. In general,
inorganic ions are soluble in aqueous environments and can control the phase transition pathways by
affecting the lifetime of ACC phases, or by inducing different morphologies.”*?® For example, the Mg**
and PO4* ions are reported to retard the phase transition process.?” Conversely, in the case of Fe** ions,

most studies concluded that they have an inhibiting effect.”® Meanwhile, in the presence of Ba**, ACC

phases became more ordered at short and medium ranges.?’

To date, the structural and energetic characteristics of ACC in the presence of additives have been

widely studied using a variety of experimental techniques such as X-ray absorption spectroscopy

combined with total distribution function (TDF) analysis,*® thermogravimetric analysis (TGA),>"-*

) 34,35
b

Raman spectra,®® nuclear magnetic resonance (NMR etc. However, these experimental techniques

have some limitations in precisely describing the structural complexity and obtaining the accurate
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thermodynamic properties for ACC. To resolve these issues, MD simulation can serve as a complement
to experiments since it provides reliable structural information in atomistic level and energetic changes

depending on the additive ions.**

In this study, we extensively performed MD studies to theoretically determine the effect of additive
ions on the structure and stability of ACC phases of calcium carbonate. For this purpose, we investigated
the stepwise phase transition process, including dehydration into anhydrous ACC from its hydrated
nucleation clusters, and the subsequent transition into crystalline phases, for a wide range of water
content (n) and molar ratio of additive ions (x) (i.e., Ca;-MCO3-nH>0, where 0<x<1 and 0<n<9).
Four kinds of additive ions, Mg*", Fe*", Sr**, and Ba*" ions, were selected as models for catalytic
biomineralization. Note that Mg?" is one of the most abundant ions in marine environments where
biomineralization occurs,” and the remaining three ions are also observed in sea water with carbonate
forms in some bacteria.***® Our results showed that the local coordination structures of amorphous
intermediate phases distinctively changed according to the intrinsic characteristics of additive ions,
which are the hydrophilicity and ionic radius. Notably, each additive ion exhibited a promoting or
inhibiting effect on the phase transition, which was determined by the thermodynamic balance between
two opposing factors — endothermic dehydration and exothermic crystallization. In addition, we
identified several structural characteristics for promoting or inhibiting additives by TDF analyses,
which open a possibility for experimental observations. Our findings provide an in-depth understanding
for the precise role of additive ions in controlling the phase transition pathways of calcium carbonate,

which can shed light on the catalytic biomineralization processes.

3.2 Methods

3.2.1 Simulation Details

We investigated the dehydration and crystallization processes for amorphous intermediate phases
of Ca1.xM«CO3-nH,0 systems using MD simulations. We started our investigations from the condition
that the ratio of water to Ca®* was 9.0 (i.e., 200 Ca?*, 200 COs*, and 1800 water molecules), assuming
a locally high concentration just before aggregation. Subsequently, 50 to 200 additive ions were
substituted by Ca?* ions for the initial systems (e.g., x = 0.25, 0.5, 0.75, and 1.0). Note that these high
amounts of additive ions (i.e., X = 0.25) have been reported to be actually feasible in the previous
studies.®*4748 Next, following the previously reported dehydration scheme by Wallace et al.,* we
deleted water molecules until the water-to-cation ratio (n) became zero. It was achieved through a total

of 18 sequential MD simulations under NPT ensemble; each simulation involved 200 (i.e., H,O/Ca*
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ratio = ~2-9) or 40 (i.e., H,O/Ca?" ratio = ~0-2) fewer water molecules than its previous one. Note that
the water molecules to be deleted were selected as those farthest from the Ca%* and COs? ions, to avoid
unphysical distortion. In addition, the crystalline structures of calcium- or other metal- carbonates (e.g.,
magnesite, calcite, strontianite, siderite, and witherite) were independently constructed by creating the
5x5x3 supercell structures. NPT MD simulations were performed for ~1-4 ns until reaching the
equilibration, and the last 1 ns was used for the production stage. For all MD simulations, temperature
and pressure were controlled by Nose-Hoover-Langevin thermostat and Berendsen barostat,
respectively.®5! The Ewald scheme®? and atom-based cutoff method (i.e., a radius of 12.5 A) were
employed for treating the long-range Coulombic and van der Waals interactions, respectively.

3.2.2 Forcefield Parameterization

Previously reported interaction parameters for alkaline-earth metal carbonate (i.e., Mg?*, Ba?*, and
Sr2*) were incorporated to include the Fe?* ions (Table 3.1). The interaction parameters for Mg?*, Ba?*
and Sr?* ions were taken from Raiteri et al.’s work.>® The interaction parameters for Ca2*, COs* ions
and water molecules were taken from Demichelis et al.’s work.*® For Fe?* ion-relevant interactions, the
Fe?*—water and the Fe?*—~CO3? interaction were respectively parameterized, following the procedures
in the previous study.*® The Fe?*-water interaction was parameterized by comparing the experimental
values for coordination numbers (CNs), hydration free energy (AGhyq), and distance between Fe?* and

water (row-re). The Lennard-Jones (LJ) 12-6 potential was employed for non-bond interaction between

ool (3] (7]

where Do and Ry indicate the energy well depth and equilibrium distance. Thermodynamic integration

Fe?* ions and water molecules,

method was used to calculate the AGnyq.>* For this calculation, a single Fe?* ion was packed in the cubic
box (i.e., 38.8 x 38.8 x 38.8 A 3) with 2000 water molecules. Next, each van der Waals and electrostatic
interaction between Fe?* ion and water molecules was progressively turned on through 20 steps, where
each step was comprised of 200 ps and 500 ps for equilibration and production, respectively. Herein, to

consider the size effect, finite size correction® was complemented into AGnyq values (i.e.,
0.5q2((e—l)/e)-(fEW+27rR2/3L3) ~ 52.1 kcal/mol). The CN and rowre Was obtained by last

production run of simulation. Moreover, AGnyq Of respective ions were calculated to examine the
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hydrophilicity, which were well agreed with experimentally values (Table 3.1).5°" The Buckingham

potential was employed for Fe?*—~COs? interaction,

C

E= Aexp(—ﬂR)—E

(3.2
where A and S are the Buckingham parameters, which are related to repulsive force. C parameter is the
parameter for attractive force, which was neglected in this work. These parameters were adjusted to
experimental properties, such as bulk moduli®® and lattice parameter®® of FeCO; (siderite), by using the
GULP relaxed fit method.®® Note that volume thermal expansion coefficient (V) and lattice parameters
of siderite were analyzed by Forcite program in Materials Studio 2019,%* and linear thermal expansion
coefficients (aa, ac) were analyzed by LAMMPS program,®? which were estimated from NPT MD
simulation at respective temperature (200, 300, 400, and 500 K) and 1 atm for 1 ns, while fixing the
cell shape. The V (in K') was calculated from NPT MD simulation at respective temperature (i.e., 300
and 400 K) and atmospheric pressure conditions. The results were well agreed with experimental values
although aa, ac, and V were not included in the training sets. This further supports the validity of our

parameterization scheme.

Table 3.1 Interaction parameters of Fe*’—water (Oy in H>O) and Fe*’~CO;* (O, in COs*) and
comparison of physical properties [i.e., lattice parameters, bulk modulus (K), linear and volume thermal

expansion coefficients (aa, a., and V)], obtained from experiment and calculation.

Fe—Ow Fe-Oc
Do (kcal/mol) 0.0117 A (kcal/mol) 22091.19
Ro(A) 3.255 BAY 3.44
C (kcal/mol/A ©) 0.0
Fe? Expt.>" 3 Calc. Siderite Expt.%8:5964 Calc.
AGhyq (kcal/mol)  -439.8 -437.38 a(d) 4.689 4.62
Fow-re (A) 2.1 2.012 c(d) 15.37 15.07
CN 6 5.95 K (GPa) 117 116.93
a (108K ) 5.4 5.7
a (105K ) 16.1 27.1
V (10°K™) 2.69 3.4
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3.2.3 Mean Square Displacement Analysis

To obtain the self-diffusion coefficient (D) of water and respective ions (i.e., Ca?* and COs?) in the
CaCOsnH,0 systems, mean square displacements (MSD) were analysed over time using the Stokes-

Einstein relation as follows,

5 1{6m) a3
6 At

where or is the change of displacement within the time interval, At. The factor 6 indicates three
dimensions in the Cartesian coordinates (i.e., X, y, and z) and two directions to move (i.e., forward and
backward). To secure the statistical accuracy, the MSD values were analysed over last 1 ns trajectory
from the NPT MD simulation for 5 ~ 10 ns. Using equation (3.3), D was estimated by the slope of MSD.
Note that the first 10% of the MSD curve (i.e., about 100 ps MD run) was excluded for the fitting since

it has not yet entered the linear diffusive regime (Figure 3.1).
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Figure 3.1 Mean square displacement analysis for water and ions (i.e., Ca?* and COs%) in the
CaCOs'nH,0 system with different hydration levels a-c, at » = 9, and d-f, at n = 1. The black lines

represent the fitting lines used for estimation of the self-diffusion coefficients.
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3.3 Results and Discussion

3.3.1 Overview of Dehydration Process

In general, the phase transition of calcium carbonate is reported to take place in a stepwise manner
from hydrated form, to its anhydrous ACC (via dehydration), and to the final crystalline structure (via
crystallization).1”'® For the investigation, we constructed model systems for the dehydration process
from hydrated nucleation clusters to anhydrous ACC for a wide range of molar compositions of additive
ions (x) and water content (n) (i.e., Cai1«xMxCQOs-nH,0, where 0<x<1 and 0<n<9) (see Figure 3.2 and
Table 3.1). The initial structure was created by randomly packing 200 pairs of cations (i.e., Ca?*, Mg?*,
Fe?*, Sr#*, and Ba?* ions) and COs% ions with the n of 9.0. The previously reported force field of the
alkaline-earth carbonate-based system was incorporated to include the Fe?*~water and Fe?* —COs*

interactions for our models.53

Ca, ,M,CO, -9H,0 Ca,,M,CO, -5H,0

Figure 3.2 Dehydration scheme of the Ca;..M.CO;-nH>0 system (i.e., x = 0~1, n = 0~9), where M =
Mg*", Fe**, Sr**, and Ba**. Color legends — C: gray; O: red; Ca: green; M: yellow; water: cyan.
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Table 3.2 Summary of model systems for Ca;.,M,CO3-nH,0O used in MD simulations

System nCa®) n(CO,") n(M*) n(H,0)

CaCOj3nH,O 200 200 - 1800 — ... - 400 —» 200 —» 180 — ... —» 0
Cag.75Mgo.2sCO3-nH,O0 150 200 50 1800 —» ... - 400 - 200 - 180 — ... —» 0
Cao.sMgo.sCO3-nH,0 100 200 100 1800 —» ... - 400 - 200 - 180 — ... —» 0
Cag25Mgo.75CO3-nH,0 50 200 150 1800 —» ... - 400 - 200 - 180 — ... —» 0
MgCOs-nH,O - 200 200 1800 —» ... - 400 - 200 - 180 — ... —» 0
Cag.75Fe0.25C0O3-nH,0 150 200 50 1800 — ... - 400 —» 200 —» 180 — ... —» 0
Cag.sFeosCO3-nH,0 100 200 100 1800 — ... - 400 —» 200 —» 180 — ... —» 0
Cao.25Fe0.75CO3-nH0 50 200 150 1800 — ... - 400 —» 200 —» 180 — ... —» 0
FeCOj;nH,O - 200 200 1800 — ... - 400 —» 200 —» 180 — ... —» 0
Cay.75S10.25CO3:-nH>0 150 200 50 1800 —» ... - 400 —» 200 - 180 — ... —» 0
Ca.5S10.5CO3-nH20 100 200 100 1800 —» ... - 400 —» 200 - 180 — ... —» 0
Cay25Sr19.75CO3:-nH>0 50 200 150 1800 —» ... - 400 —» 200 - 180 — ... —» 0
SrCO;-nH>0 - 200 200 1800 —» ... - 400 —» 200 - 180 — ... —» 0
Cag.75Bao.2sCO3-nH20 150 200 50 1800 — ... - 400 —» 200 —» 180 — ... —» 0
CagsBaysCO3-nH,0 100 200 100 1800 — ... - 400 —» 200 —» 180 — ... —» 0
Cag.25Bag.75CO3-nH20 50 200 150 1800 — ... - 400 —» 200 —» 180 — ... —» 0
BaCOs'nH,0 - 200 200 1800 — ... - 400 —» 200 —» 180 — ... —» 0

To overview the dehydration process in the absence of additive ions, including the phase transition
from hydrated nucleation clusters to anhydrous ACC, we conducted MD simulations for the
CaCOs;-nH,0 systems (Figure 3.3a), which has been previously reported in several theoretical
studies.>**! At the initial stage of dehydration (i.e., n = 9), most of Ca?* and COs* ions bound to each
other in the form of nucleation clusters. As the dehydration progressed, the clusters initiated to aggregate,
and at the last stage of dehydration (i.e., n = 0), all calcium and carbonate ions comprised the ionic
network, corresponding to the anhydrous ACC. To obtain the detailed structural information, we

investigated the CN environments of Ca—Oc (O in CO3%) pairs as a function of n (Figure 3.3b).
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Figure 3.3 a, MD simulation snapshots for dehydration process of CaCOs'nH,0 system (i.e., n =9, 6,

3, 1, and 0). Color legends — C: gray; O: red; Ca: green; H: white. b, CN of Ca—O. pairs in the

CaCOs'nH,0 system (i.e., n = 0-9). Left: fraction of the local structures corresponding to each CN;

right: average CN of Ca—O. pairs as a function of n. ¢, Self-diffusion coefficients (D) for ions and water

in CaCOs'nH,O system and reported values for bulk water and ion pairs in calcite.>° The black and

red dotted lines are guidance for the eye.

At the initial stage (n = 9.0), the most abundant configurations were chain-like form (CN = 2),
followed by the terminal- (CN = 1) and branch-like (CN = 3) forms, implying that the hydrated clusters
consisted of a polymeric chain. These chains were bound together by ionic interactions, and exhibited
a dynamic characteristic by repetitively breaking and reforming with each other. Note that this chain
configuration was previously referred as a dynamically ordered liquid-like oxyanion polymer
(DOLLOP) by Gale and coworkers.®® As dehydration proceeded, the average CNs eventually increased
at high n (i.e., 6.0<n<9.0), and suddenly increased at low n (i.e., 0.0<n<3.0). This indicates that the
aggregation occurred more dramatically when the systems were in close to the anhydrous state (n = 0).
Notably, the average CNs of Ca—O. pairs for hydrated ACC (h = 1) and anhydrous ACC (n = 0) were
6.6 and 7.8, respectively. These values were similar to the previously reported values (i.e., CN = 6.0 for
hydrated ACC and CN = 7.1 or 7.7 for anhydrous ACC).%%4
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Moreover, the D of water and the ion pairs (i.e., Ca*" and CO;*) were estimated using MSD
analysis (Figure 3.3¢). The detailed procedure and examples of fitting are given in the Methods section.
The diffusivities of the Ca* and COs> ions are averaged for two ion species because they were very
similar in the systems of our consideration. On the whole, the diffusivities of the ion pairs were much
lower than those of water molecules in the CaCO3-nH,O system. The D for ion pairs and water in the
amorphous intermediate phases (i.e., n = 0-9) were located between those of liquid water (i.e., 2.3 x 10
® m?/s) and calcite (i.e., 0.8 x 10> m?/s),% which was similarly reported by Bushuev et al.’s work.*
Accordingly, the structural water, which has a lower mobility than that of liquid water, was predicted to
be formed in the precursor phases.®” Also, the ionic species of the amorphous phase exhibited a higher
mobility than those of the crystalline phase. Additionally, the D for water and ion pairs in the amorphous
intermediate phases steadily decreased, except for the anhydrous state (n = 0). From the sudden changes
of D for ion pairs at the range of n = 0~1, the solution phase was predicted to be transformed to the

solid phase, specifically identified at #n = 0.8-0.9 in the previous literature.*

3.3.2 Structural Analysis Based on CN Environment

The dehydration-induced structural transformations of calcium carbonate, from hydrated clusters
to anhydrous ACC, were systematically analyzed by examining the CN environment of comprising
atom pairs. First, we chose two representative atom pairs of M—O. and M—Os, consisting of divalent
cations (i.e., Miowl, including Ca** and additive ions (M*")) and oxygen atoms in COs* (O.) or in water
molecules (Oy) (Figure 3.4). Note that the average CNs were obtained based on the first minimum of
the radial distribution function for each pair within the first coordination shell (Table 3.3). Regardless
of the type of additive ions, the CNs of Miou—O. pairs commonly increased as the dehydration
progressed, whereas those of Mio—Oy pairs reduced throughout (Figures 3.4a and 3.4b). Especially,
the average CNs for either Mioui—Oc 0or Miow—Ow pairs exponentially changed (in positive or negative

direction) with decreasing n, implying that aggregation intensely occurred at the end of dehydration.
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Figure 3.4 CN environment for divalent cations (M, including Ca?* and M?") with oxygen atoms in
the Ca;.M,COs-nH>O systems. Molar composition (x) for M** were set to 0.5. a and b, Average CN for
2, Mio—Oc (O in CO3%), b, Miou—Oy (O in water) pairs. ¢ and d, Relative CN (ACN) from the system
without M?* for ¢, Miota—Oc and d, Miowa—Oy pairs.
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Table 3.3 First minimum of radial distribution function for M—O. and M-O,, pairs (i.e., M = Ca, Mg,
Fe, Sr, and Ba).

M-O. (A) M-Ow (A)
Cca?* 3.15 3.05
Mg?* 2.75 2.63
Fe? 2.69 2.57
Sr# 3.35 3.23
Ba?* 3.53 3.45

To independently evaluate the effect of each M?" ion, we compared the relative change of CNs
from those without M?* ion (i.e., ACN = CN(Ca;.M,COs-nH,0) — CN(CaCO;-nH,0), Figures 3.4¢ and
3.4d). Evidently, the variation trends depending on the additive ions were different for both Mwu—Oc
and Mio—Ow pairs. Mg?* and Fe*" ions had a declining effect on the ACN of both atom pairs, while Sr**
and Ba®" ions had an increasing effect. These results were agreed with the order of ionic radii for
comprising ions (i.e., Mg?" < Fe*" < Ca?' < Sr*" < Ba*" ions, Table 3.3), implying that the coordination
capacity is proportional to the ionic size. Note that as the M** ions were more involved, the variation
trends of ACNs for atom pairs appeared more evidently either in the increasing (i.e., Sr>* and Ba*") or

decreasing direction (i.e., Mg?" and Fe?") (Figures 3.5 and 3.6).
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Figure 3.5 Relative CN (ACN) environment of O (O in COs*) around divalent cations [Mial, including
Ca*" and additive ions (i.e., Mg*", Fe**, Sr**, and Ba®")] in the Ca;..M,CO5'nH,O systems, where M =
a, Mg, b, Fe, ¢, Sr, and d, Ba [i.e., ACN = CN(Ca;.MCO;-nH>0) — CN(CaCOs-nH,0)].
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Figure 3.6 Relative CN (ACN) environment of Oy (O in water) around divalent cations [ Mo, including
Ca*" and additive ions (i.e., Mg*", Fe**, Sr**, and Ba?")] in the Ca;..M,CO;-nH,O systems, where M =
a, Mg, b, Fe, ¢, Sr, and d, Ba [i.e., ACN = CN(Ca;M,CO;-nH,0) — CN(CaCOs-nH,0)].
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Table 3.4 Ionic radius and hydration free energy (AGnyq) of divalent cations in the comparison of

experiments and calculations.

AGhyq (kcal/mol)
lonic radius (A )%
Expt.56:57 Calc.
Ca** 1.14 -345.12 -339.47
Mg? 0.86 —422.56 —423.68
Fe?* 0.92 -439.8 -437.38
Srz* 1.32 -314.77 -319.16
Ba?* 1.49 —284.42 -291.43

Furthermore, it is interesting to note that Miwi—O. and Mw—Oy pair exhibited the reverse tendency
for Mg?*- and Fe*'-involving atom pairs at relatively high n (i.e., n = ~3-9, Figures 3.4c and 3.4d).
Concretely, Fe?" ions favored the coordination with adjacent water (ACN = Fe-O,, > Mg—Oy,), while
Mg?" ions preferred the coordination with COs* ions (ACN = Mg—O. > Fe-O,). These results could be
related to the superior hydrophilicity of Fe** ions (i.e., AGhya = —437.4 kcal/mol for Fe?" ions, and —
423.7 kcal/mol for Mg*" ions, Table 3.4). Therefore, the hydrophilicity as well as the ionic size of

comprising ions are predicted to play a pivotal role in determining the local geometries of ACC phases.

We also examined the overall molar volume changes (AVy) of the systems depending on the M>*
and n (Figure 3.7). The AV, indicates the difference in molar volume between the amorphous
intermediate phases (Ca;M.CO3-nH>0) and phase-separated crystalline mixture with liquid water.
During the dehydration process, the AV, gradually declined in a quasi-linear manner, which was similar
with the variation tendency for CNs (Figure 3.4b). Overall, additive ions had a negligible effect on the
AV with an exception for the Mg?" ions, exhibiting a decreasing effect at high n (i.e., n = ~3-9). This
result agreed with reported experimental work,®® which verified the little effect on the ACC particle size

in the presence of inorganic ions (i.e., Mg**, Sr**, and Ba*").
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Figure 3.7 Molar volume change (AVy) for Ca;xM.CO3-nH2O systems in the range of n = 09, where
M =a, Mg, b, Fe, ¢, Sr, and d, Ba.

3.3.3 Thermodynamic Analysis for Dehydration and Crystallization Processes

To examine the thermodynamics of phase transition for CaCOs, the enthalpy of formation (AHj),
from the amorphous intermediate phases to the phase-separated crystalline mixture and liquid water,

was calculated. The AHrwas defined as follows,

AHf = (1_ X) Ecalcite + XEMCOB(cryst.) + r]Ewater - ECal_XMXCO3-nH20 3.4

where E_ is the enthalpy of calcite; EMCOS @ysty 1S the enthalpy of crystalline structures of metal

carbonates (i.e., magnesite, siderite, strontianite, witherite); and ECal.XMXCOSvnHZO is the enthalpy of

each amorphous precursor phases of Ca1.«MxCOz-nH,0 systems.
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Figure 3.8 Enthalpy of formation (AHs) for Ca;M,CO;-nH>O systems in the range of n = 0-9, where
M = a, Mg, b, Fe, ¢, Sr, and d, Ba. The black circles represent the actual simulation points used for
constructing the contour plot. The black dotted lines represent the base line for the thermo-neutral state

(i.e., AHy= 0). The gray dotted lines represent the line for guidance of the location at n = 3.

Figure 3.8 shows the AHs of the Ca1.«MxCOznH20 systems in the range of x and n. Noteworthy,
the AH; from the anhydrous ACC (without M?* ions) to the calcite was similar to an experimentally
reported value (i.e., —9.81 kcal/mol for x = 0, n = 0),'* supporting the validity for our results. Overall,
the variation trends for AHy were markedly changed depending on the n, specifically at n = ~3 as a
branch line. At high n (i.e., n = ~3-9), the AH; changed distinctively along the y-axis direction of the
plot. This result indicated that the dependence of AH: on the x was much stronger than that on the . In
contrast, the AH; at low n (i.e., n = ~0-3) was more dependent on the n (along x-axis direction in the

plot).
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Figure 3.9 Enthalpy of formation (AHy) for Ca;..MCOs-nH,O systems in the range of n = ~3-9, where
M = a, Mg, b, Fe, ¢, Sr, and d, Ba. The black circles represent the actual simulation points used for
constructing the contour plot. The black dotted lines represent the base line for the thermo-neutral state

(i.e., AHy=0).

To further demarcate the different trends regarding with n, we examined the AHr with two divided
regions; at n =~3-9 and n = ~0-3 (Figures 3.9 and 3.10). At n = ~3-9, the AH;showed clearly different
trends for the more hydrophilic ions (i.e., Mg**, Fe*") and the less hydrophilic ones (i.e., Sr**, Ba?")
compared to the Ca** ions (Figure 3.9). Specifically, with an increase in the x of Mg?* or Fe*" ions, the
endothermicity of the AHr increased further, implying that the dehydration process for amorphous
intermediate phases became more difficult to occur due to the stronger hydration stability (Figures 3.9a
and 3.9b). Especially, the endothermicity of the AH; for Fe** ions significantly increased, induced by
their stronger hydration. Meanwhile, with an increase in the x of Sr** or Ba** ions, the endothermicity

of the AH; clearly decreased, mainly due to the more facile dehydration (Figures 3.9¢ and 3.9d).
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Figure 3.10 Enthalpy of formation (AHs) for Ca;..MCO3-nH,O systems in the range of n = ~0-3, where
M = a, Mg, b, Fe, ¢, Sr, and d, Ba. The black circles represent the actual simulation points used for
constructing the contour plot. The black dotted lines represent the base line for the thermo-neutral state

(i.e., AHy=0).

With an extremely high x (i.e., xs: > ~0.75-0.9, and xz. > ~0.55-0.75), some exothermic regions were
observed by crossing over the thermo-neutral line (represented by black dotted lines), where the phase

transition can occur without any energetic cost during the dehydration process.

Figure 3.10 shows the AHs of the Ca1.xMxCO3-nH20 system at low n (i.e., n = ~0-3), including the
phase transition from solution to solid phase, as above-identified by sudden change of D atn= 1 (Figure
3.3c). The notable change of the AHrat n = ~0-3 is the increasing trend of exothermicity with decreasing
n (along the x-axis direction). Assuming that the dehydration process of hydrated clusters in the
amorphous intermediate phases is probably related to the endothermic behavior, the subsequent
crystallization can be speculated as the origin of exothermicity.
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Figure 3.11 Enthalpy of formation (AH;) and its decomposed energy contributions including
dehydration (AHgchya) and crystallization (AHcryst) for Ca.:M.CO3-nH>0 systems (i.e., M = Mg, Fe and
x =0, 0.25, 0.5, 0.75 and 1) in the range of n = 0-3. The red (or blue) shaded arrows represent the
direction of increasing the endothermicity (or exothermicity). The red dotted lines represent the base

line for the thermo-neutral state (i.e., AHy= 0).

To further delineate these processes from the thermodynamic perspective, we decomposed the AHs
into each enthalpic contribution for dehydration (AHgenya) and crystallization (AHcyst) of the Cau.

«MxCO3-nH,0 systems as follows,

AH; =AH 0 +AH (3.5
where AHgenyd IS the enthalpy change of dehydration (from hydrated form of amorphous intermediate

phase into anhydrous ACC and liquid water), and AHcryst is the enthalpy change of crystallization (from

anhydrous ACC into phase-separated crystalline structures of metal carbonates).
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Figure 3.12 Enthalpy of formation (AHr) and its decomposed energy contributions including
dehydration (AHdehya) and crystallization (AHcrys) for Ca;..McCO;3-nH,0 systems (i.e., M = Sr, Ba and x
=0, 0.25, 0.5, 0.75 and 1) in the range of n = 0-3. The blue shaded arrows represent the direction of
increasing the endothermicity (or exothermicity). The red dotted lines represent the base line for the

thermo-neutral state (i.e., AHy= 0).

Each enthalpic contribution was defined as follows,

AHdehyd =E nhyd T nE

al

By 3.6)

water

AH . =(1-X)E + XEyico, @ysty ~ Eca,m,co, (3.7)

calcite

where Enyq is the enthalpy of hydrated forms of amorphous precursor phases of Ca;xMxCOs-nH.O
systems; and Eannya is the enthalpy of anhydrous ACC (i.e., n = 0), respectively.

The results for decomposed enthalpic contributions including AHgenys and AHcnst Of the Cas-
«MxCO3.nH,0 systems are shown in the Figures 3.11 and 3.12. Basically, the AHgenyq is responsible for
the endothermic part, whereas AHcrys: is in charge of the exothermic part of the AH¢. Consequently, the

thermodynamic spontaneity of the AHr was determined by the balance between the two opposing factors
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of dehydration and crystallization; it was endothermic in the solution phase (i.e., n = ~3), and
exothermic in the solid phase (i.e., n = 0). Each enthalpic contribution changed according to the type
and x of M?*, and n. Among these determining factors, we initially focused on the variation trends of
AHs according to the n. As the dehydration progressed (from n = ~3 to 0), the AHgenya Was steadily
decreased, while the AHcys: remained constant since it is basically independent on the n at the solid-
state (n = 0). As a consequence, the AHs varied from endothermic to exothermic by crossing over the
thermo-neutral line (i.e., AHs = 0), which implies that dehydration effect was more dominant in the
solution phase (i.e., n = ~3), whereas the crystallization effect accordingly won over the opposite as it
got closer to the solid phase. Note that these trends (from endothermic to exothermic) during
dehydration process were also observed in the Figure 3.10 (from left to the right along the x-axis

direction in the plots).

Next, we extended our investigations to the variation trends of AHs according to the x. With an
increase in the x of Mg?* or Fe?* (from bottom to top in the Figures 3.10a and 3.10b), the endothermicity
slightly (for Mg?*) or largely (for Fe?*) increased at the hydration level of n = ~3, but the tendency
reversed in the anhydrous phase (i.e., n = 0) by propagating in the exothermic direction. These different
trends for AH¢ with increasing amount of Mg?* and Fe?* uptake were further examined from each
enthalpic contribution (Figure 3.11). The increased AHgenya at N = ~3 was predicted to be originated
from the stronger hydrophilic effect of Mg?* and Fe?" additives, as similarly stated above at high
hydration levels (n = ~3-9). These results are in line with previous experimental observations regarding
with the extended lifetime of ACC phases in the presence of Mg?* or Fe?* additives,?”?® which can be
interpreted as the increased endothermicity of dehydration (AHgenya). Meanwhile, the increased AHcryst
in the exothermic direction was mainly due to the decreased stability of the anhydrous Ca;xMxCOs
system. It is noteworthy that similar effect of the structural instability due to Mg?* substitution was
previously reported for Mg-calcite systems, which was verified using surface energy calculations.®
Conversely, with an increase in the Sr?* or Ba?* uptake (Figures 3.10c, 3.10d and Figure 3.12), the
endothermicity tended to decrease due to the more facile dehydration at all hydration levels, but the
degree of variation decreased as the dehydration progressed. Finally, in the anhydrous phase (i.e., n =
0), the thermodynamic stability was nearly preserved regardless of the additive content, without an

increase in the exothermicity.

68



AH; AHses) AHiyaw)

20 20 20
Ca; ,Mg,CO;-nH,0 Ca; Mg, CO;:nH,0 | Ca; ,Mg,CO;:nH,0|
15 !! o 15 15,
1o BE: --!3::!-_ ». S 101 g0 0 .y S 104 e
= b o0 S .g e -4 2 B
5 ° ., E 53 e® o SO Rt 2 2 2
S ({mmm———————— wdire g 0 o o e s o e .;..:__ ° 0 o o
S s ‘ < 5 < 5
S0 d.10 v £.10
T x=0 P T x=0 2 = x=0
< -15 x=0.25 K 3 -15 x=0.25 '-, T -15 Xx=0.25
e ®eeeex=05 p x=0.5 o < =05
-20 e x =075 201 ...#eeex=075 * -20 ellixz07s
3 ML LY C x4—ex=1 ] I/ AL LLLLE. S A ——
9 8 7 6 5 4 3 2 10 9 87 6 5 4 3 210 9 8 76 5 4 3 210
Water content (n) Water content (n) Water content (n)
50 50 <=0 50
0 -0-.g. Ca,,Fe,CO;-nH,0 x =025 Ca;xFe,CO3-nH,Q Ca,; Fe,CO;-nH;
40 ‘e, 40 x=05 40
"."‘."'.--.. “._. — : "'Xf0.75 ~
< 30 “e.w T 30 rx=l g 30
= 0. W £ 00 .99 3
‘\—S 20 .2[ 8 20 PORRY TR XX NPY g 20'. '.x::.::;.,'.‘
i g = e
< 10 = 10 = 10 ‘®-.
el -I 'Y @ 8-_.:‘ z LY
= . ] g 2 3 ¢
S 0= X= O - ———— — + 0 " oa = - ——— ..!_ 2 0 X = ( - —
x=025 2 = | , I x=025
10 @i x=05 e -10 Y < .10 x=0.5
cee®eeex=075 ' | 5 - x=0.75
20 + e x=1 L -20 ————— . -20 Ak N —
9 8 76 5 4 3 210 9 8 76 5 4 3 2 10 9 87 65 4 3 2 10
Water content (n) Water content (n) Water content (n)

Figure 3.13 Enthalpy of formation (AH) and its decomposed enthalpic contributions including
electrostatic (AHyes)) and van der Waals interactions (AHswvaw)) for Cai..M,COs3-nH,0 systems (i.e., M
= Mg, Fe and x = 0, 0.25, 0.5, 0.75 and 1) in the range of n = 0-9. The red (or blue) shaded arrows
represent the direction of increasing the endothermicity (or exothermicity). The red dotted lines

represent the base line for the thermo-neutral state (i.e., AHy = 0).

These different trends depending on the additive ions were also observed from each contribution
for electrostatic and van der Waals interactions (Figures 3.13 and 3.14). Note that the AHr can be
decomposed into two enthalpic contributions including electrostatic (AHges)) and van der Waals

(AHfwaw)) interactions as follows.
AH; = AH;eg) + AH ) (3.8)

In the presence of Mg®" or Fe®' ions, the variation tendency of AH; was mainly responsible for the
electrostatic interactions, which increased the endothermicity in the solution phase (i.e., n = ~3-9) while
increased exothermicity in the solid phase (i.e., n = ~0) (Figure 3.13). Meanwhile, in the cases of Sr**
or Ba?' ions, the van der Waals interactions were mostly attributed to the variation tendency of AHj,
where the exothermicity increased for both solution and solid phases (Figure 3.14). These results
implied that the hydrophilicity is closely related to the electrostatic interactions, but the van der Waals

effect can play a major role for larger size ions.
69



AH; AH;es) AHiyaw)

20 Cay 4Sr,CO;-nH,0 20 Cay 4Sr,COs-NH,0| 20| Cay 4Sr,CO5-NH,0
1., Sry -n 1., Sry -n a,,Sry ‘n
15 1 3 2 15 ] 1 3 2 15 I 1 3 2
= ~ 10 1 = 104
= = [=)
(] [=)
(S ° ‘i .. E | g 59 00 oo a
= ‘9. & = 1 Iod R B 5L TY O e
S ba-ddidgg-| 5o i o it g el IR cniebaln g A i S A
=3 (3 < 5 8 g < 5
F % @ z
:45 ) 0 ‘ :_m’-lo x=0 ° :%1_10 x=0
R 025 % .15 x=025 T -15 x=0.25
05 x=05 < =05
0.75 -20 @.:0x=0.75 -20 eix-07s
1 cee@ecee x=1 Beeee =1
T T T T T 25 T T T T T T T T -25 + T T T T T T T
5 4 3 2 10 9 8 76 5 4 32 10 9 8 7 6 5 43 2 10
Water content (n) Water content (n) Water content (n)
20 Ca,,Ba,CO;-nH,0 20 Ca,,Ba,CO;-nH,0 201 Ca,;,,Ba,CO;-nH,0|
a,,Ba, ‘n a,,Ba, ‘n a,,Ba, ‘n
15 1 3 15 J 1 3 2 15 ¢ 1 3 2
~ 10 1 35 107
— [=)
S £ 5 E 53:90..9.4. "
00 9.9 = ‘9 -Q...0. ®..9...9...
(:EU ;—.—-:u:nué—i.—!q-—— % 0 o o ———— 8 0 —————‘—’—'—"ﬁ"u‘-:—‘
g oo '..r < 54 o® UL .":‘ = 5
=3 “ @ ..-. 5. S
+- ] 1-10 1 g ] 5-10
x=0 = x=0 z X=0
<. x=0.25 % -15 1 x=0.25 i T -15 x=0.25
“x=05 x=0.5 < x=05
©x=0.75 -20 {.-.@..c.x=075 20 o @ x=075
ex=1 ce@ecee x=1 . x=1
7 6 5 4 3 2 10 9 8 76 5 4 3 2 10 9 8 7 6 5 4 3 2 10
Water content (n) Water content (n) Water content (n)

Figure 3.14 Enthalpy of formation (AH;) and its decomposed enthalpic contributions including
electrostatic (AHyes)) and van der Waals interactions (AHswvaw)) for Cai..M,COs3-nH,0 systems (i.e., M
= Sr, Ba and x = 0, 0.25, 0.5, 0.75 and 1) in the range of n = 0-9. The red (or blue) shaded arrows
represent the direction of increasing the endothermicity (or exothermicity). The red dotted lines

represent the base line for the thermo-neutral state (i.e., AHy = 0).

To sum up with the results, we schematically redesigned the results in the Figure 3.10, which
represents the AH; as a function of water content (#) and mole fraction of additive ions (x) at low
hydration levels, by signifying the relationship between two opposing factors — dehydration and
crystallization (Figure 3.15). Two contrasting factors were exerted on the AH; either in the same or
opposite directions; the former refers to a synergistic relationship (i.e., for Sr** and Ba*" cases) and the
latter to a rivalry relationship (i.e., for Mg?" and Fe** cases). Based on these concepts, we constructed a
schematic diagram to describe the phase transition from hydrated forms of amorphous precursor phases
(i.e., Ca;xM,COj;-nH,0) into phase-separated crystalline structures and liquid water (i.e., (1-x)CaCO;
+ xMCO; + nH,0), including dehydration and crystallization processes (Figure 3.16).
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Figure 3.15 a and b, Schematics for the relationships of two opposing factors (i.e., dehydration and
crystallization) acting on the AHr as a function of water content (#) and mole fraction of additive ions

(x) in the Ca;..M,CO;3-nH>0 systems, where a, M = Mg or Fe and b, M = Sr or Ba, respectively.
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Figure 3.16 Schematics for dehydration and crystallization process from amorphous precursor phases
(i.e., CaixM.CO;-nH>0) to phase-separated crystalline structures (i.e., (1-x)CaCO3; and xMCO3) and
liquid water (i.e., nH>0).
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In the cases of Mg?" and Fe?', which had stronger hydration strengths than Ca?*, the endothermicity
increased at the dehydration stage. However, at the crystallization stage, the exothermicity increased
due to an increase in the structural instability, owing to additive substitution. Accordingly, the inhibiting
effect in the solution phase and the promoting effect in the solid phase can simultaneously coexist in
the Mg- (or Fe-) substituted carbonate systems. Notably, Fe?* had a higher effect in the dehydration
stage than Mg?", but a lower effect in the crystallization stage, thus exhibiting the strongest inhibitory
effect among the additives of our interest (Figure 3.10b). On the contrary, in the cases of Sr** and Ba*",
the promoting effects were enhanced due to the propagation in the exothermic direction, both in the
dehydration (solution) and crystallization (solid) stages. Finally, Ba*" had the strongest promoting effect

among the additives of our consideration (Figure 3.10d).

3.3.4 TDF Analysis for ACC Structure Involving Additive Ions

The TDF, D(r), is a commonly used method for the examination of the atomic structure of ACC,
which can be determined from X-ray scattering spectroscopy,’ and is thus directly comparable with
computational models. The TDF is defined as the weighted sum of the partial distribution functions
(PDFs) for all the atom pairs, as shown by the following equation:

D(r):47rporzn: c.C; ah [9;(N-1] (3.9)

(e

where o is the total number density in system; c; and c; are the concentrations of atoms i and j,
respectively; z and z; are the atomic numbers of atoms i and j, respectively; and gjj(r) is the PDF between
atoms i and j. First, the TDF of the CaCO3:nH,0 system with n = 1, which corresponds to the hydrated
ACC, was compared with available experimental data’™ (Figure 3.17). The simulation results showed
a good agreement with the experimental models for the whole range (up to ~13 A), implying that our

ACC model structures would be actually accessible in a real situation.
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Figure 3.17 Comparison of total distribution function (TDF, D(r)) between experiment’® and calculated

model system for hydrated ACC (i.e., CaCOs3-nH,0, n = 1), obtained from our simulation.

Next, we investigated the TDFs for hydrated ACCs (i.e., Ca1xMxCOs3-nH,0, where n = 1) in a wide
range of molar compositions for additive ions (i.e., x = 0.25, 0.5, 0.75, and 1) (Figures 3.18 and 3.19).
In common, all the systems with additive ions exhibited very sharp peaks at 1.3 and 2.2 A, which
corresponded to the C-O and OOc pair for the internal atom pairs of the carbonate ion. We
particularly note that the shoulder peaks associated with M—-O,, pairs slightly appeared in the short-
range only for both the Mg- and Fe-ACC systems, at 2.0 A (i.e., Mg—O,, pair) and 1.9 A (i.e., Fe—-Ow
pair) (Figure 3.18). For detailed examination of these structural differences, we separated the PDF for
M-O,, pairs from each TDF. It was found that M—O,, contribution decreased in the order of Fe?*, Mg?*,
Sr?*, and Ba?* (Figure 3.20), and this tendency was originated from the relative hydrophilicity of the
additive ions. On the other hand, the Sr- and Ba-ACC systems exhibited the pronounced peaks for the
M-O pair at 2.6 and 2.8 A, corresponding to Sr—O. and Ba—O, respectively (Figure 3.19).

73



] Ca, Mg,CO,H,0 S '= ca,Fe,CO;H,0
=z =iz = = =
7' o
— Q
- S @]
3 .
© L
~— — 4 -
= S
SN
& Q

777

6
r(A)

Figure 3.18 a and b, Total distribution functions (TDFs, D(r)) for Cai..M.CO;-nH>O systems with n =
1, where M = a, Mg and b, Fe. The pink, brown, and sky-blue dashed lines represent the M—Oy, M—Oc,

and M—-M pairs of each ACC system, respectively.
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and M-M pairs of each ACC system, respectively.

74



- x=025 —x=0.25
1.5 + ——x=05 1.5 - : —x=0.5
——x=0.75 | —x=0.75
— 17 x=10 —~ 1] | x=10
) N
= =
Q0.5 1 0 05 -
j@)] ()
> L.
()] ] (@) A =
0 —— T e 0 T »E.«I-“‘\—-—uw“‘h‘——
0.5 A 0.5
Cal_ngXCO3'H20 Cal_XFeXCO3'H20
-1 . . . -1 . .

8 10 0 2 4 6 8 10

0 2 4 6
r (A) r (A)
C = d 2
—x=0.25 —x=0.25
1.5 4 ——x=0.5 1.5 4 —x =05
——x=0.75 —x=0.75
= 11 x=1.0 — 11 x=1.0
= =
= =
O 0.5 1 Q0.5 A1
o ©
%] 2]
E R A\ _
0 1~————o N T S Sy 01 —_——/ N SO S i
0.5 1 0.5 1
Cal_xsrXC03'Hzo Cal_xBaXC03'Hzo
-1 T T T T -1 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
r (&) r (A)

Figure 3.20 Pair-distribution function (PDF, g(7)) of Ca;..M,CO3-nH,0 systems for M—O,, (O in water)
pairs with » = 1, where M = a, Mg, b, Fe, ¢, Sr, and d, Ba. Note that PDF were scaled by a factor

, 2
(47rp0r[cicj : Zizj/(Zk:lck Z, ) }) for each pair in the D(7).

These developed peaks indicated the higher coordination capacities for Sr** and Ba?* ions due to
their larger ionic size, as previously observed in the amorphous precursor phases for Sr?*- or Ba?'-
containing systems at all hydration levels (Figures 3.4a and 3.4c). In addition, the Sr- and Ba-ACC
systems showed an increase in the peak intensity for the M—M pairs at three regions including the new

peaks in the mid-range, which corresponded to 4.3~4.4, 6.4~6.8, and 8.6~9.1 A, respectively.
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Figure 3.21 Pair-distribution function (PDF, g(r)) of Ca;:M.CO3':nH20 systems for M—M pairs with 7
= 1, where M = a, Mg, b, Fe, ¢, Sr, and d, Ba. Note that PDF were scaled by a factor

2
(47rp0r[cicj : Zizj/(z:zlckzk ) }) for each pair in the D(r).

The PDF for M—M pairs further clearly showed that the contributions for M—M pairs dominantly
pronounced in the Ba- and Sr-ACC systems, compared to the Mg- and Fe-ACC systems (Figure 3.21).
Note that similar observations for Ba-ACC systems were recently reported by Whittaker et al.,?° which
stated that next-nearest-neighbor cation ordering at the mid-range increased with increasing barium
content. Consequently, there were evidently different correlation patterns depending on the additive
species; Ba- and Sr-ACC showed a more ordered structure than that of Mg- and Fe-ACC, and these
structural features were mainly attributable to the developed M—M pairs in the mid-range. These
developed mid-range order may contribute to the rapid formation of crystalline structures by lowering
the barrier for subsequent transformation.
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3.4 Conclusion

In this study, the effects of additive ions on the local structure and stability of amorphous precursor
phases for calcium carbonate were theoretically elucidated using MD simulations. Starting from the
nucleation clusters to the anhydrous ACC, a variety of forms in the amorphous precursor phases were
systematically characterized for a wide range of water content and additive ions (i.e., Ca;xMxCOs-nH-0,
where x = 0-1, n = 0-9). Overall, the structural and thermodynamic characteristics of amorphous
intermediate states were strongly related to the intrinsic properties of additive ions such as
hydrophilicity and ionic size. Specifically, each additive ion was identified as inhibitors (e.g. Mg?* and
Fe?* ions) or promoters (e.g. Sr>* and Ba?* ions) on the phase transition of amorphous precursor phases.
Furthermore, we found that two opposing factors, which are the endothermic dehydration and
exothermic crystallization processes, can work for the AHs either in a rivalry (e.g., for Mg?*, Fe?*
additives) or synergistic relationship (e.g., for Sr?*, Ba?* additives) depending on the additive ions. TDF
analysis captured the structural features for different trends of Mg?* or Fe?* additives by enhanced M-
Ow contributions in the short-range, and Sr?* or Ba?* ions by enhanced M—M pairs up to the mid-range
(=10 A), which might be observable by experimental technique such as EXAFS in the future works.
These findings will contribute to a fundamental understanding for controlling the phase transition
pathways of aqueous calcium carbonate-based systems by additives. We note that a deeper
understanding of how the local structures and thermodynamics of amorphous precursor phases vary as
a function of temperature, pressure, pH, and other organic and inorganic additives is needed for practical

applications into the biomineralization process, which are worthy of future investigations.
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Chapter 4. Molecularly Designed Chemical Trap for Polysulfide Adsorption
in Lithium-Sulfur Battery

This chapter includes the published contents:
Yoo, J. T.;" Cho, S.-J.;" Jung, G. Y.;" Kim, S. H.; Choi, K.-H.; Kim, J.-H.; Lee, C. K.; Kwak, S. K_; Lee,
S.-Y. Nano Lett. 2016, 16, 3292-3300 (1 : equally contributed). Reproduced with permission.
Copyright © 2016 American Chemical Society.

4.1 Introduction

Lithium-sulfur (Li-S) batteries have garnered a great deal of attention as a promising alternative to
the lithium-ion batteries (LIBs) due to high theoretical capacity (= 1672 mAh g '), low cost, natural
abundance, and environmental benignity of sulfur active materials.!> However, their progress towards
commercialization has been delayed due to some serious drawbacks such as electrical insulating nature
of sulfur and solid-state reduction products (Li»S, and Li,S), structural instability of sulfur cathodes,
shuttle effect of lithium polysulfides (Li»Sy) and unstable Li metal/electrolyte interface.!® Especially,
rapid capacity fading with cycling, mainly due to the shuttle effect and subsequent accumulation of
electrically-inert reduction products on electrodes, poses the most critical challenge for securing

sustainable electrochemical performance in Li-S batteries.

Enormous efforts have been undertaken to address the aforementioned issues. In this context, a
chemical trap (as polysulfide reservoirs) based on electrically-conductive porous structure has been
widely studied, including the application in nanostructured sulfur composite cathodes,”!! self-standing

interlayers positioning between cathodes and separator membranes,'?!*

and interlayer-integrated
separator membranes.'!>!” Fundamental demands for an ideal chemical trap can be outlined as follows>
21: (1) high electronic conduction; (2) mesoporous structure for fast ion transport; (3) microporous
structure (pore diameter < 2 nm) for polysulfide adsorption, and (4) facile solid-liquid conversion (i.e.,
electrochemical reversibility) of electrically-inert Li»S; and Li>S. Importantly, the insoluble Li>S2/Li>S
molecules are reported to be aggregated favorably in micropores of chemical traps during

121921 hampering the cycling performance of Li-S batteries."

charging/discharging reaction,
Accordingly, significant attention should be dedicated to pore size and chemical affinity of microporous
structure. However, in most previous studies, microporous phases tend to be randomly mingled with

7,8,12,16,17

mesoporous ones, which makes it difficult to understand the adsorption/dissolution phenomena

of Li,S; in micropores and mesopores. In addition, there have been no reports on molecular design-
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based synthesis of electrochemical responsive micropores (for selective adsorption of insoluble

polysulfides) and their influence on solid-liquid conversion kinetics of the polysulfides.

In this study, to resolve the above-mentioned challenging issues of the chemical traps, we
demonstrate “microporous covalent organic framework (COF) net on mesoporous CNT net” hybrid
architecture as a new class of molecularly-designed, hierarchical porous chemical trap for Li,S; in Li-
S batteries. The concept of hierarchical porous structure has garnered a lot of attentions as a multiscale
engineering to bring unprecedented synergistic effects in a variety of functional materials.?>?** As a
proof-of-concept for the hybrid architecture proposed herein, self-standing COF-net on CNT-net
interlayers (referred to as “NN interlayers”) are fabricated and their potential applicability as an

alternative polysulfide trap is explored.

To theoretically determine the effects of pore size and chemical affinity of microporous COF nets
(possessing boronate ester groups), the Li,S. adsorption behaviors on COFs were thoroughly
investigated by multi-scale simulations including DFT and GCMC methods. Two different COFs
[COF-1 (micropore size = 0.7 nm) and COF-5 (2.7 nm)] are chosen as model systems. GCMC
simulations showed that all Li,S, species are randomly dispersed in the COF-5 bulk, whereas the Li,S
exclusively penetrates to the COF-1 bulk due to its smaller-sized micropore, demonstrating the pore-
size-enabled selective adsorption of Li,S. DFT calculations revealed that Li,S-adsorbed COF-1
exhibited the electrostatic stabilization-driven formation of chemical bonds between sulfur (in Li,Sy)
and boron (in COF-1). These theoretical results demonstrate that COF-1 possesses a well-designed
micropore size and (boron-mediate) chemical affinity suitable for selective binding with Li,S, which

can improve the electrochemical performance of Li-S cells.

Benefiting from the chemical/structural uniqueness (in specific, COF net-based micropores as
polysulfide traps, CNT net-based mesopores as ion-conducting channels, and CNT nets as electronic
networks), the NN interlayer is predicted to effectively capture polysulfides without damaging
ion/electron transport in its through-thickness direction. Consequently, the NN interlayer significantly
improved the electrochemical reversibility of polysulfides, ultimately leading to the outstanding cycling

performance far beyond those achievable with conventional Li-S technologies.
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4.2 Methods

4.2.1 Model Systems for Calculation

The most stable geometries of Li»S: (x = 1, 4, 6, and 8) molecules were identified by DFT
calculations® (Figure 4.1a). A zig-zag (10,0) CNT model with a diameter of 15.0 A was used to
represent the outermost surface with an inter-wall distance of 3.6 A. The model was cut in half to set
the model condition suitable for DFT calculation. The partial optimization was performed under fixed
coordinates of terminated-hydrogen atoms (i.e., 232 atoms). The single crystals of the COF-1 and COF-
5,% which were chosen as the unit cells for calculation, where the full relaxation including both atomic
positions and lattice parameters was carried out. The 1 x 1 x 2 and 1 x 1 X 3 supercells for the COF-1
and COF-5 were respectively modeled to represent bulk state. For thin film models, the vacuum was
sufficiently applied in the z-direction (i.e., ~ 20 A) for each 1 x 1 x 3 supercell structure of the COF-1
with fixed two bottom layers (Figure 4.1b) and the COF-5 systems (Figure 4.1¢). The adsorption
energies of Li>Sy molecules and corresponding conformational search, in these bulk and thin film
models of the CNT, COF-1, and COF-5, were systematically analyzed using the DFT calculations and
GCMC simulations.

4.2.2 Simulation Details

The initial binding configurations for Li,Sx molecules in the COFs were investigated via the
GCMC simulation®® using a Sorption program (Materials Studio 8.0)?’, in which the equilibration for
1x10% MC steps and following analysis for 1x10° steps were applied to the simulation. The non-bond
interactions between Li,S, molecules and COFs, including electrostatic and van der Waals forces, were
calculated with the Universal forcefield,?® wherein Ewald summation and atom-based cutoff (a cutoff

of 15.5 A) method were applied to the electrostatic force and van der Waals interaction, respectively.

DFT calculations were carried out using a DMol® program?®-*°

under the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional,’! in which the semi-
empirical Tkatchenko-Scheffler (TS) scheme?? for the dispersion correction was included. The spin-
polarized calculations were performed with the basis set of the DNP 4.4, therein the relativistic effect
of all electrons on core electrons was also included. The Monkhorst-Pack® was applied for the sampling
of the Brillouin-zone as follows: /=point for the CNT; 2x2x4 k-point for the COF-1 unit cell; 1x1x4 k-
point for the COF-5 unit cell; and /-point for all the adsorbed systems. The convergence criteria for the

geometry optimization were set to 1.0 x 10~ Ha, 0.002 Ha/A, and 0.005 A for the energy, force, and

displacement, respectively. The self-consistent field convergence for was set less than 1.0 x 10 Ha.
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Figure 4.1 Model systems of Li,Sx and COFs. a, Optimized geometries of Li,Sy (x = 1, 4, 6, and 8)
molecules identified by DFT calculations. Purple and yellow colored atoms represent the lithium and
sulfur, respectively. b, Optimized unit cell model of COF-1 by full relaxation including both atomic
positions and lattice parameters. The 1x1x2 supercell was built for representing the bulk state. For layer
models, the vacuum was sufficiently applied in the z-direction (i.e., ~ 20 A) for the 1x1x3 supercell
with fixed two bottom layers. ¢, Optimized unit cell model of the COF-5. The 1x1x2 and 1x1x3

supercells were built for the bulk state and layer model, respectively.
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4.2.3 Energy Calculations

The total adsorption energy ( AE,,, ) was calculated as follows,

ads

AE., =E.s .x —Eys —Ex (X=CNT, COF-1, and COF-5) @.1)

where E,_iZSX and E x represent the total energy of the isolated Li>Sx molecule and pristine CNT,

COF-1, and COF-5, respectively, ELiZSX .x 1s obtained from the Li>Sx-adsorbed CNT, COF-1, and

COF-5. The total adsorption energy ( AE_ . ) can be decomposed into few types of energy contributions

ads

as follows:

AEads = AEbond + AErecon + AELiZSx (4.2)

in which AE, _, indicates the energy contribution for the bond formation, AErecon and AELizsx

represent the energy contribution due to the reconstruction and structural change of the hosts (CNT,

COF-1, and COF-5) and Li,S, guests, respectively.

Each energy component was calculated as follows:

AE.. . =E

recon X (recon)

E, ey (X = CNT, COF-1, and COF-5) (43)

The AE is calculated by subtracting the single point energy of bare structures from that of

recon

reconstructed structures for hosts (CNT, COF-1, and COF-5).

AE

U,s, = Etiys, (ass) ~ Evis, (gas) (4.4)

The AELisz is calculated by subtracting the single point energy of Li,S, molecule in gas phase from

that of adsorbed ones.

ABy s =Eiis ox —Eiis. i) —E ) (X=CNT, COF-1, and COF-5) 4.5)

X (recon

The AE contains the remaining contribution for bond formation in its adsorbed geometry.

bond
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4.3 Results and Discussion

4.3.1 Pore-Size Dependent Adsorption of Polysulfides

Two COFs (i.e., COF-1 (0.7 nm) and COF-5 (2.7 nm)) with different micropore sizes but boronate
ester functional groups in common were chosen as model systems (Figure 4.2). COF-1 and COF-5 are
composed of benezene-1,4-diboronic acid (BDBA)** alone (for COF-1) and BDBA/2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP)** (for COF-5), respectively. Both COFs, driven by their excellent

35,36

compatibility (specifically, via m-n intermolecular interaction) with CNTs, can be conformally

deposited on the curvilinear CNT surface.

E

o
Qe 0L
HO .5 OH _H20 Qg COF 1 o, 3(‘
B 15 A 8

_':\I-"D* HO, PH [=} ;

HO™ "OH U,,c: OH :F .

BDBA HHTP ‘f;a:%‘ ﬁg}
o oA o oty

Figure 4.2 Synthetic scheme and chemical structures of COF-1 and COF-5.
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Figure 4.3 a, Pore size and of COFs (COF-1 and COF-5) and molecular size of Li»S; species (x =1, 4,
6, and 8). Pore volume (PV) and molecular volume (estimated by Connolly surface method®’) are
labelled below. Color legends — C: gray; O: red; H: white; B: pink; Li: purple; S: yellow. b, Snapshots
depicting the binding configurations of polysulfides in COF-1 (blue box, left) and COF-5 (green box,
right), and averaged loading amounts of Li»S, species (x = 1, 4, 6, and 8), calculated through GCMC

simulation. Blue, red, orange, and green circles represent Li»S, Li»S4, Li>Ses, and Li>Ss, respectively.

The initial binding configurations of Li»Sx molecules in the COFs were examined by the GCMC
simulation. The model systems of the Li»Sx and COFs used for this theoretical calculation were shown
in Figure 4.1. A diversity of initial binding configurations of Li»Sx species (x = 1, 4, 6, and 8) in the
COF-1 and COF-5 were depicted in Figure 4.1c. In MWCNT, as all carbon atoms are equivalent, the
specific binding sites of Li»S, molecules are nonexistent and thus predicted to be located in outside
surface of the wall. In COF-1, on the other hand, because of its small pore size (~0.7 nm) and reported
AB stacking arrangement, it has a small pore volume (PV) per layer (i.e., 130.3 A3, estimated by
Connolly surface method,*” Figure 4.3a (left)). In COF-5, because of its AA stacking, it has a large 1D
pore channels (~2.7 nm) with a large PV per layer (i.e., 1749.8 A’, Figure 4.3a (right)). Thus, the
adsorption sites in the COF-5 are equivalent for all Li,S, species without preferential intermolecular
interaction, wherein Li»S, molecules are randomly dispersed in the COF-5 bulk (Figure 4.3b). The
COF-1 bulk allows for exclusive penetration of Li,S due to its smaller-sized micropore (0.7 nm),

demonstrating the pore size-enabled selective adsorption of Li,S in the COF-1.
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4.3.2 Chemical Affinity of Polysulfide Adsorption

Based on the initial binding configurations described above, adsorption energies of Li>Sx on the
COFs and CNT were theoretically investigated using the DFT calculation, with an aim to further
elucidate the binding behavior of Li,S, species. The total adsorption energies were decomposed into
three energy contributions including bond formation (AEwnd), reconstruction of host structures of CNT,
COF-1 and COF-5 (AEwcon) and structural change of LirSy guests (AELnsx), respectively (for the
calculation details, see ‘Energy Calculations’ in the Methods section). First, we focused on the
adsorption of Li,Sy on CNT surface (Figure 4.4). The results showed that Li,S (x = 4, 6, and 8)
molecules build Li-C bonds without undergoing structural change (i.e., reconstruction energy (AE}econ)
<0.06 eV) (Table 4.1). Meanwhile, for Li,S, driven by its electron donation to conjugated n-bonds of
CNTs, a specific bidentate binding of two Li atoms on the CNT surface was observed (Figure 4.4a).

a b

Aq(CT): AQ(CT):
CNT (-0.440¢) \ CNT (-0.055¢)
Li,S (07447¢) %’ Li,S, (0.072e)
CNT + LisS CNT + LixS4
C d
Aq(CT): Aq(CT):
CNT (-0.028¢) CNT (-0.032¢)
Li,S; (0.036€) Li,Sg(0.034e)
CNT + Li,Sq CNT + Li,Sg

Figure 4.4 Binding configurations of Li,S, molecules on partially cleaved CNT surface; a, Li;S, b,
Li»S4, ¢, Li2Ss, and d, Li>Ss. Aq(CT) values indicate the transferred charges of molecules. Gray, purple,
and yellow balls represent C, Li, and S atoms, respectively. Red balls signify the fixed hydrogen-

terminated sites.

90



Table 4.1 Total adsorption energies (AFads), chemical bond formation energies (AFEpond), and
reconstruction energies (AFErecon) Of various lithium polysulfide (Li»S;) species on the CNT surface and

in the bulk and layer of COF-1 and COF-5.

Bulk Layer
CNT
COF-1 COF-5 COF-1 COF-5
AEq (V) -2.99 -3.05 -3.35 -3.05 -3.34
LixS AEpond (€V) -3.06 —5.28 -1.55 —4.94 -1.87
AEecon (€V) 0.06 1.93 -1.89 1.67 —-1.54
AEqs (€V) —2.46 - -3.36 —1.48 -2.78
LisS4 AEbond (€V) -2.53 - —1.67 —-1.59 -1.26
AEecon (€V) 0.06 - -2.00 0.07 —-1.54
AEqs (€V) -2.59 - -3.21 -1.61 -3.08
LixSe AEbona (€V) —2.68 - -1.32 -1.90 -1.61
AErecon (€V) 0.05 - —2.04 0.20 -1.63
AEqs (V) -2.71 - -3.33 -1.86 -3.11
LizSg AEbona (€V) -2.82 - -1.42 —-1.99 —-1.62
AErecon (€V) 0.06 - -2.04 0.06 —-1.62
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Aq(CT):
COF-5 (0.052¢)
Li,S (—0.052€)

AQ(CT):
COF-5 (0.054¢)

Aq(CT):
COF-5 (0.117e)

Aq(CT):
COF-5 (0.081¢)
Li,Sg (-0.082€)

" g . Pemm—
COF-5 (bulk) + Li,Sg COF-5 (bulk) + Li,Sg

Figure 4.5 Binding configurations of Li»S, (x =1, 4, 6, and 8) molecules in the bulk state of COF-5; a,
Li,S, b, Li5S4, ¢, Li»Se, and d, Li,Ss. Aq(CT) values indicate the transferred charges of molecules. Purple
and yellow balls represent the Li and S atoms of the Li,S,, respectively. Alternate multi-plies between

green and orange layers represent the AA-eclipsed stacking arrangement.

As a next step, the adsorption behavior of Li>Sx molecules to the COF-5 was investigated both for
bulk and layer models (Figures 4.5 and 4.6). The total adsorption energies of Li>S; molecules were
relatively larger than those in CNT of COF-1 (ranging from —3.36 to —2.78 ¢V, Table 4.1), revealing
their superior capability for Li,S, capture. Notably, besides its good adsorption strengths, the adsorption
amounts were also much larger in COF-5 than in COF-1 (Figure 4.3b).
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Aq(CT): :
COF-5 (0.057¢)
Li,S (—0.056€)

Aq(CT):
COF-5 (0.060¢)

R A et
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COF-5 (layer) + Li,S COF-5 (layer) + Li,S4

. Aq(CT):
COF-5 (0.058¢)

Aq(CT):
COF-5 (0.078¢)

COF-5 (layer) + Li»Se COF-5 (layer) + Li,Sg

Figure 4.6 Binding configurations of LiS; (x = 1, 4, 6, and 8) molecules in the layer models of COF-
5; a, LixS, b, Li2S4, ¢, Li2Se, and d, Li»Ss. Aq(CT) values indicate the transferred charges of molecules.
Purple and yellow balls represent the Li and S atoms of the Li,S,, respectively. Alternate multi-plies

between green and orange layers represent the AA-eclipsed stacking arrangement.

The major contribution for adsorption was the structural stabilization of COF-5 after Li,S
adsorption (AErecon, ranging from —2.04 ~—1.54 eV in Table 4.1), from perfect AA- into slightly shifted
AA-stacking in armchair direction. Due to its AA-stacking arrangement of COF-5, the Li,S molecules
can’t adsorb on boron sites and only shows the weak Li---O interactions, where the little amounts of

electron-withdrawing occur (Figures 4.5a and 4.6a).
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Aq(CT):
COF-1 (-0.396¢)

COF-1 (bulk) + Li,S

Figure 4.7 Binding configurations of Li,S in the bulk state of COF-1, in which Aq(CT) values indicate
the transferred charges of molecules. Purple and yellow balls represent the Li and S atoms of the Li»S,
respectively. Alternate multi-plies between green and orange layers represent the AB-staggered stacking

arrangement.

On the other hand, as examined in the GCMC simulation, the large-sized Li>Sx (x = 4, 6, and 8)
molecules are difficult to be embedded into the COF-1 but the small-sized Li,S can exclusively
penetrate into the COF-1 bulk (Figure 4.7). A notable finding is that during the adsorption of Li,S, the
AB-staggered stacking arrangement of COF-1 was slightly shifted along the zig-zag direction, which
was apparently different in COF-5 (AA-stacking shift along the arm-chair direction). The Li,S adsorbed
inside the COF-1 bulk shows the higher AE.q (—3.05 eV), whereas the large Li,Sy (x = 4, 6, and 8)
molecules merely adsorb on the outermost surface of the COF-1 with relatively low AE.4 (ranging from
—1.86 to —1.48 eV, Table 4.1 and Figure 4.8). Such energetically favorable chemical bond formation
between Li;S and COF-1 was verified by the higher bond energy (AEsna = —5.28 €V) between sulfur
(of Li2S) and boron atoms (of COF-1), which is much higher than those of the CNTs (AEpons = —3.06
eV) and COF-5 (AEsmns = —1.55 eV). In addition, the (sulfur-boron) bond energy is sufficiently high
enough to compensate energetic cost (AEeco. = +1.93 eV, Table 4.1), induced by structural change of
the COF-1.
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P
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Figure 4.8 Binding configurations of Li,S, (x = 1, 4, 6, and 8) molecules in the layer models of COF-
1; a, LisS, b, Li»S4, ¢, LisSs, and d, Li>Ss. Aq(CT) values indicate the transferred charges of molecules.
Purple and yellow balls represent the Li and S atoms of the Li,S,, respectively. Alternate multi-plies

between green and orange layers with fixed two bottom layers (red) represent the AB-staggered stacking

arrangement.
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Figure 4.9 Change in the local density of states (LDOS) of Li»S (red line) and boron of COF-1 (black
line), before (dotted line) and after Li,S adsorption (solid line). Electronic structures of Li>S-adsorbed
COF-1 [i.e., HOMO-2 (green box, left) and HOMO-1 (blue box, right)] are shown, along with those of
pristine Li,S [i.e., HOMO-2 (black box, left) and HOMO-1 (black box, right)]. The overlapped peaks
in the LDOSs and obvious orbital mixing in both HOMO-2 and HOMO-1 verify the electrostatic

stabilization-driven formation of chemical bonds between sulfur and boron.
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The local density of state (LDOS) for the Li,S-adsorbed COF-1 was investigated to elucidate the
aforementioned chemical bond formation in more detail. Figure 4.9 shows the overlapped peaks
between Li,S and boron of COF-1, wherein the mixing of p-orbital and s-orbital in HOMO-1 and
HOMO-2 levels was respectively identified. Notably, the decrease in the LDOS of HOMO-1 level and
also the shift of HOMO-2 level to lower energies were observed, verifying the electrostatic
stabilization-driven formation of chemical bonds between sulfur and boron. These theoretical results
demonstrate that the COF-1 possesses the well-designed micropore size and (boron-mediated) chemical
affinity suitable for selective binding with Li,S, which would be expected to exert beneficial influence

on electrochemical performance of Li-S cells.

4.3.4 Electrochemical Performance of Li-S Battery

Assuming the theoretical results as a proof of concept, the NN interlayer was fabricated as a model
system to explore the potential applicability of the “COF-net on CNT-net” hybrid architecture as an
alternative polysulfide trap in Li-S batteries. The NN interlayer was inserted between a sulfur cathode
and separator membrane and its influence on electrochemical performance of Li-S cells was evaluated.
For this investigation, the charge/discharge cyclability of cells was examined at charge/discharge
current density of 2 C (= 2 mA cm?)/2 C (Figure 4.10). Notably, the cell incorporating the COF-1 NN
interlayer exhibited significant improvement in capacity retention with cycling (= 84 % (632 mAh g™!)

after 300 cycles), in comparison with other cells showing the very poor capacity retention below 16%.
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Figure 4.10 Effect of NN interlayers on the electrochemical performance of Li-S cells. Cycling

performance (at charge/discharge current density = 2.0 C/2.0 C).
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Figure 4.11 a-c, SEM images (top) of a, CNT, b, COF-1 NN interlayer, ¢, COF-5 NN interlayers after
the 300th cycle (at charge/discharge current density = 2 C/2 C). The yellow arrows and circles indicate
the Li>S aggregates and clogged pores, respectively. Schematic illustrations (bottom) represent the
deposition/dissolution behavior of Li»S on CNT, the COF-1 NN interlayer, and the COF-5 NN interlayer.

This result demonstrates that COF-1 NN interlayer, due to its facile ion (via mesopores)/electron
(along CNT networks) transport, contributes to facilitating charge/discharge reaction kinetics of the cell.
This also indicates the suppression of polysulfide (such as electrically-inert Li»S; and Li.S)
accumulation on electrodes. Therefore, it is speculated that the preferential adsorption of Li2S in the
COF-1 NN interlayer allows better utilization of active materials, thus contributing to the improvement

of cycling performance.

The morphological change of the NN interlayers was discussed in detail, with a particular focus
on solid-liquid conversion kinetics of Li,S in terms of pore size and chemical affinity of microporous
COF nets. Reduction in size of Li.S is known to be favorable for its solid-liquid conversion Kinetics,
leading to the better utilization of sulfur active materials.®*° The CNT paper accommodates all Li,Sx
species without any specific intermolecular interactions. Notably, the randomly-deposited/large-sized
aggregates in the CNT paper give rise to the unwanted accumulation of “electrically-isolated” Li»S
molecules during cycling (Figure 4.11a). By contrast, the COF-1 NN interlayer, enabled by the well-
designed micropores (~ 0.7 nm) suitable for deposition/dissolution (i.e., solid-liquid conversion) of Li5S,
effectively suppressed the accumulation of “electrically-isolated” Li.S molecules (Figure 4.11b),
eventually facilitating the electrochemical reversibility of Li,S in the charge/discharge reaction of cells.
For the COF-5 NN interlayer, although it exhibited the “Net on Net” architecture, the relatively large-
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Figure 4.12 Binding configurations, total adsorption energies (AE.¢s) and chemical bond formation
energies (AEpond) of LioS on CNT surface (left) and in the bulk of COF-5 (center) and COF-1 (right).
Gray, purple, yellow, red, pink, and white balls represent the carbon, lithium, sulfur, oxygen, boron, and
hydrogen atoms, respectively. The Aq(CT) values represent the transferred amount of Mulliken charges

of respective systems. Atomic charges of Li,S and Li>S-adsorbed COF atoms are indicated on the balls.

sized micropores (~2.7 nm) of the COF-5 nets and their intimate interaction with polysulfides lead to
easy and random deposition of all LiSx species (Figure 4.11c), resulting in the unwanted accumulation

of incompletely-oxidized polysulfide residuals along the COF-5-shelled CNTs.

In addition to the pore size effect described above, it is speculated that chemical affinity between
boron-bound sulfur (i.e., sulfur of polysulfides adsorbed on boron of COF nets) and S¢> (S;")” plays an
important role in the solid-liquid conversion kinetics of Li>S. At the end of discharge, the reduced solid
Li,S reacts with S¢>” (S5"), thus yielding an equilibrium state**2: 2/5 Li,S + 3/5 S¢> (S37)” = S4* +
4/5Li". The electron-deficient state of the boron-bound sulfur in the COF-1, which was analyzed by the
Mulliken population analysis,* exhibited the weakened negative charge (—0.599¢) than those of the
CNT (—0.686¢e) and COF-5 (—0.799¢) (Figure 4.12). Such mitigated negative charge of the boron-
bound sulfur leads to relatively weak electrostatic repulsion with S¢*~ (S;)", which is favorable for
facilitating the equilibrium reaction. This electrostatic stabilization-driven formation of chemical bonds
between sulfur and boron was theoretically discussed in Figure 4.9. As a consequence, solid-liquid

conversion reaction of Li>S can be promoted in the COF-1 NN interlayer.
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4.4 Conclusion

In summary, we demonstrated the “microporous COF-net on mesoporous CNT-net” (NN) hybrid
architecture as a new concept of molecularly-designed, hierarchical porous chemical trap for lithium
polysulfides (Li»Sx) in Li-S batteries. The effects of pore size and (boron-mediated) chemical affinity
of the microporous COF nets on the adsorption of Li>S, (in particular, insoluble Li>S) were theoretically
analyzed using multi-scale simulation approach, including DFT and GCMC methods. The NN
interlayers created the unprecedented synergistic effects: microporous COF nets as Li,Sx trap;
mesoporous CNT nets as ion-conducting channels and also electronic networks. More notably, the
COF-1 NN interlayer, driven by the well-tailored microporous structure (in terms of pore size and
chemical affinity) for the deposition/dissolution of Li.S, facilitated the solid-liquid conversion (i.e.,
electrochemical reversibility) of Li,S. As a consequence, the COF-1 NN interlayers provided
remarkable improvement in the cell performance far beyond those attainable with conventional Li-S
technologies. We envisage that the “COF-net on CNT-net” strategy based on the molecularly-designed
hierarchical porous architecture is highly effective and versatile, thus opening up a new opportunity for
next-generation permselective materials in urgent need for a variety of energy storage systems (such as
redox-flow and metal-air batteries as well as Li-S ones) and membrane-mediated separation/purification

processes.
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Chapter 5. Biomimetic Catalyst for Superoxide Adsorption and

Disproportionation in Lithium-Oxygen Battery

This chapter includes the published contents:

Hwang, C.;" Yoo, J. T.; Jung, G. Y.;" Joo, S. H.; Kim, J.; Cha, A.; Han, J.-G.; Choi, N.-S.; Kang, S.J.;
Lee, S.-Y.; Kwak, S. K.; Song, H.-K. ACS Nano 2019, 13, 9190-9197 (T : equally contributed).
Reproduced with permission. Copyright © 2019 American Chemical Society.

5.1 Introduction

In living organisms, energy is stored in a form of adenosine triphosphate (ATP) by mitochondira.
The ATP is generated through an electron transport chain where the final electron acceptor is an oxygen
molecule. The most of oxygen molecules are completely reduced to water during the process. However,
reactive oxygen species including superoxide radical (O,™) are often genreated as a result of incomplete
reduction of oxygen. The superoxide radical makes damages to mitochondria and resultantly triggers
an apoptosis process of cells.** Superoxide dismutase (SOD) is the most important actor in the defense
mechanism of organisms agains the superoxid-triggered apoptosis. The enzyme catalyzes dismutation
or disproportionation of superoxide radicals into less reactive species, oxygen or hydrogen peroxide in

biological systems:
0O+ 0 — 0 + 022' (5.1)

In artificial energy storage devices using oxygen as electron acceptors, also, harmful effects of
chemically reactive superoxide are found. Li-O; batteries (LOBs) have received considerable attentions
due to their high theoretical energy densities (3505 Wh kg* for LOBs versus 387 Wh kg for lithium
ion batteries).*' During the discharge process of LOBs, O is initially reduced to superoxide
intermediate (O;"). Unstable and reactive superoxide species (02" or LiO) is converted to lithium
peroxide (Li20,) via two different routes (Figure 5.1a).1*13 Superoxide radical is combined with Li* to
be insoluble LiO; on electrode surface immediately after its formation, followed by electrochemical
conversion to Li,O; (surface mechanism). A dense layer of Li,O, on the surface of electrode via the
surface mechanism. Alternatively, superoxide radicals dissolved in electrolyte forms toroidal Li,O»
particles on cathode without transient formation of insoluble LiO, (solution mechanism). Superoxide
disproportionation reaction plays an important role of producing peroxide in the solution mechanism
(equation 5.1).%* In addition to the superoxide-to-peroxide conversion for discharge, superoxide triggers

side reactions like in organisms, which are serious hurdles limiting LOB performances. Superoxide as
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a strong nucleophile attacks organic solvent molecules and carbon cathodes to form by-product deposits
including Li.COs and LiOH (Figure 5.1b).1**3% The by-products are accumulated on cathode to hinder

oxygen evolution reaction during the following charge process and to develop large polarization.

Superoxide disproportionation is a part of solution mechanism of Li,O formation during discharge.
From the lesson of SOD in biological systems, the superoxide-triggered side reaction pathways could
be detoured by adopting the SOD. The catalyzed disproportionation would bring additional merits in
LOBs in addition to the side-reaction suppression resulting in more durable operation. By accelerating
one of the constituent steps, disproportionation, the solution mechanism could be favored rather than
the surface mechanism in the presence of SOD, guaranteeing higher capacity with smaller overpotential
during discharge. However, it looks difficult to use SOD in LOB systems because natural enzymes
work in an aqueous (not organic) environment and their stability is not guaranteed for a long-term
operation. Fortunately, various organic and inorganic compounds, the function of which is that of SOD
or superoxide dismutation (equivalent to disproportionation), have been reported in the field of anti-

aging.16.17

Herein, we used a SOD-mimetic compound (SODm) to scavenge superoxide and then convert
superoxide to peroxide chemically during Li-O, battery operation. Malonic-acid-decorated fullerene
(MA-Ce0), one of the SODm showing the superior chemical stability, captured or stabilized superoxide
radicals on their m-conjugated surface and the malonate functionality (Figure 5.1b).1®
Disproportionation of two superoxide molecules adsorbed on MA-Cg Was catalyzed to form Li,O; by
the help of Li* electrostatically combined with carboxylates of malonic acid groups (equation 5.1).
Therefore, the electrolyte decomposition and the side reactions with carbon, which are triggered by
superoxide species, were detoured. Li»O, formation via solution mechanism, rather than via surface
mechanism, was encouraged in the presence of MA-Ceo. It should be notified that the solution route is
more beneficial than the surface route because electrode surface can be used in a more efficient way
without the formation of insoluble Li>O- films blocking the access of O to electrically conductive

surface.
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Figure 5.1 a and b, Discharge process of oxygen to Li»O; on air cathode of LOBs. a, Two dominant
mechanisms of the discharge process of oxygen to Li»O»: surface mechanism versus solution
mechanism. Superoxide radicals (O2") generated from electrochemical reduction of oxygen are
deposited on electrode surface and/or dissolved in electrolyte. Two molecules of the dissolved O™ are
chemically disproportionated to oxygen and peroxide in the solution mechanism while the lithium
superoxide deposit on electrode surface is electrochemically reduced to lithium peroxide. b,
Superoxide-triggered side reactions decomposing carbon constituents of electrodes and electrolytes.
The solution mechanism encouraged by a SOD-mimetic superoxide disproportionation catalyst, MA-
Ceo. Two superoxide molecules adsorbed on MA-Cgo are chemically disproportionated by: 2 O, — O;
+ 022 The peroxide (02%) is combined with Li* captured by MA-Cgto form toroidal Li,O- on electrode

surface.
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5.2 Methods

5.2.1 DFT Calculations

DFT calculations were carried out to compare the adsorption energies (AF.4s’s) of superoxide
radicals or lithium superoxide on the MA-Ce or Li,O; surface, and to investigate the reaction pathway
of Li,O, formation via solution mechanism. First, the MA-Cs with three malonic acid groups was
modeled by following the experimentally reported structure (i.e., Ceo-tris-malonic acid derivative)."
Also, we representatively constructed the Li>O, (100) stepped surface, which was found to be the most
stable and thus expected to be the most abundant surface on the Li»O, particles, previously reported by
Hummelshgj et al.*® The model surface consisted of 72 Li and 72 O atoms with sufficient vacuum
regions in both x- and z-directions (i.e., 50.0x7.7x40.0 A%). Note that a single Li" ion was introduced in
vacuum to maintain the charge neutrality of the periodic cell. For solution mechanism calculation, we
followed the elementary steps for reaction path recently proposed by Zhang et al.’s work.?! The implicit
solvent environment was applied using conductor-like screening model (COSMO) scheme?* with a
dielectric constant for experimental condition (i.e., € = 5.8 for DEGDME). All DFT calculations were

performed using the DMol® program,?-*

with the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional.”> The semi-empirical Grimme scheme was applied for the
dispersion correction.?® Spin-polarized calculations were carried out with DNP 4.4 level. All electron
relativistic effect was included for core treatment with a smearing value of 0.005 Ha. The Brillouin zone
was sampled with 1x2x1 k-point by Monkhorst-Pack mesh for all surface systems.?” The convergence
criterion of self-consistent field was set to 1.0x10¢ Ha, and the geometry optimization was performed

until satisfying the criteria (i.e., 1.0x10° Ha for energy, 0.002 Ha/A for force, and 0.005 A for

displacement, respectively).

5.2.2 MD Simulations

MD simulations were performed to investigate the capturing ability of Li* ion of MA-Cg in each
solvent system (i.e., DEGDME and TEGDME). Since the solvent molecules were known to form the
complex structures in the presence of Li’ ions, the stable geometries of complex structures for
[Li(DEGDME)]" and [Li(TEGDME)]" were initially identified by DFT calculations. The mole ratios
between solvents and LiTFSI used in our simulations were taken from the experimental condition of 1
M LiTFSI in solvents. Five MA-Cgo’s were initially placed in a periodic box with LiTFSI and solvents
(i.e., 200 LiTFSI with 1098 DEGDME or 712 TEGDME, respectively). Subsequently, MD simulations

with NPT (i.e., isobaric-isothermal) ensemble were conducted at room temperature and 1 atm for 2 ns
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with the time step of 1 fs. Configurations of the last 1 ns were analyzed for the results. All MD
simulations were performed using the COMPASSII forcefield.?®?’ The temperature was controlled by
Nosé-Hoover Langevin (NHL) thermostat,*® and the pressure was controlled by Berendsen barostat.*!
Ewald scheme and atom-based cutoff method (i.e., a length of 15.5 A) were used to treat the electrostatic

and van der Waals forces, respectively.

5.3 Results and Discussion

5.3.1 Effect of MA-Cg on LOB Performance

In the galvanostatic operation of LOB cells, the MA-Cg significantly improved discharge
capacities based on cathodic ORR and anodic lithium metal stripping (Figure 5.2). Capacities in the
presence of MA-Cg Was more than doubled in three different ethers when compared with capacities of
the MA-Cgo-absent controls at 0.1 mA cm2. As current densities increased, the superiorities of MA-
Ceo-present cells to their controls became more evident. The control cells hardly worked at 0.5 mA cm-
2 while capacity of MA-Cgo-present cells at the same current was comparable to the value obtained at
0.1 mA cm2 The capacities of MA-Ceo-present cells at 0.5 mA cm? were ~ 50 fold higher than those
of MA-Cep-absent controls. Such high capacities obtained in the presence of MA-Ce are considered
due to the reduction of superoxide-triggered side reactions.

Solvent dependency of capacity was observed in the presence of MA-Cg: discharge capacity in
diethylene glycol dimethyl ether (DEGDME) was larger than that in tetraethylene glycol dimethyl ether
(TEGDME) and 1,2-Dimethoxyethane (DME). The interaction between superoxide and MA-Cg was
considered to be independent of solvent molecules because the DNs of ethers tested in this work were
too small to make differences in solvation/desolvation of superoxide.3>* On the other hand, the solvent
dependency of Li* solvation should be considered. For this investigation, we compared the capturing
ability of Li* ion of MA-Ceo in each solvent system through multi-scale molecular simulations including
DFT and MD methods.

The weaker binding strength between Li* and solvent molecules (solvation energy, AEping by DFT
calculation in Figure 5.3a) allowed MA-Cso to capture a more number of Li* in solvent environments
(n.i by molecular dynamics calculation in Figure 5.3b to d): AEwina = —3.97 eV for Li(DEGDME)*,
weaker than -5.02 eV for Li(TEGDME)*, while n;; = 1 for Li(DEGDME)* higher than 0.6 for
Li(TEGDME)"). Weak solvation indicated by less negative AEpina €ncourages desolvation that is

required for adsorption of Li* on MA-Ceo. Higher effective Li* concentration or higher values of n.; to

108



participate in Li,O, formation on MA-Ce possibly facilitates disproportionation reaction on MA-Ce in
a faster way. Therefore, disproportionation is more accelerated by MA-Cgo in DEGDME rather than in
TEGDME and DME.

30l | ' DEGDME
. mA cm-2
25 ="===< 7
fo.s '0.1 0.5 \
2.0} . ———
30l TEGDME
. MA-C,,
2 25F = <
& None‘
2.0 | - :
3.0} DME
MA-Cq,
25F T <
Noné
2.0 - - -
0 1 2 3

0 (mAh cm)

Figure 5.2 MA-Cq for LOB cells. Potential profiles of LOBs at galvanostatic discharge in three
different ether solvents having low donor and acceptor numbers. MA-Cgo-free (dashed) and MA-Ceo-
containing (solid) LOB cells were compared. TEGDME = tetraethylene glycol dimethyl ether; DME =
dimethoxyethane. The current densities in mA cm are indicated in the top; 0.1 mA cm was used for

the middle and bottom.
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[Li(DEGDME)J* [Li(TEGDME)J*
AEbind :-3.97 eV AEbind :-5.02 eV
(CN = 3) (CN = 4)

MA-Cg, in LiTFSI + DEGDME

= DEGDME
= TEGDME

¢

MA-Cq, in LiTFSI + TEGDME B -

Figure 5.3 a, The optimized structures of [Li(DEGDME)]* and [Li(TEGDME)]* complexes: yellow =
lithium, gray = carbon, red = oxygen, hydrogen = white. The binding energies (AEpind) and the
coordination number of the solvent molecule to a lithium ion (CN) were indicated. b and ¢, Molecular
dynamics model systems of MA-Ceo dispersed in b, DEGDME and ¢, TEGDME in the presence of
LiTFSI: sky blue = DEGDME, cyan = [Li(DEGDME)]*, red = TEGDME, light pink = [Li(TEGDME)]",
gray = TFSI. d, The average number of lithium ions captured by MA-Ce’s (n.i) in DEGDME versus
TEGDME.
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5.3.2 Solution Mechanism of Li,O, Formation Induced by MA-Cs

The preference to solution mechanism over surface mechanism in the presence of the SOD-mimic
compound was theoretically demonstrated by DFT calculation. Initially, the adsorption configuration
of superoxide on MA-Cg was determined by adsorption energies (AEags) of superoxide radical or
soluble lithium superoxide on MA-Cg (Figures 5.4 and 5.5). The AEags was maximized when a
superoxide radical as well as lithium superoxide was bound to —OH of a carboxylic acid group of MA-
Ceo. The most stable adsorption configurations identified that hydrogen bonding is the origin of
thermodynamically favoured interaction.

MA functional group

. 4

s
ol

AE,,. :-1.43eV

e o
@ . ‘ 5 @

.xtc.' %55 "" Y

AE,,. :-121eV AE,,. :-1.17 eV

Carbon surface

J J

-~ r| B~ X

. AE, . :-1.20 eV P AE,,. :-1.18 eV

Figure 5.4 Model systems of MA-Cg’s for Oy adsorption energy (AEags) calculation. Carbon,
hydrogen, and oxygen atoms of MA-Cgo are colored in gray, white, and red, respectively. Oxygen atoms

of superoxide are colored in orange.
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Figure 5.5 Model systems of MA-Cg’s for LiO, adsorption energy (AEags) calculation. Carbon,
hydrogen, and oxygen atoms of MA-Ceo are colored in gray, white, and red, respectively. Lithium and
oxygen atoms of LiO; are colored in yellow and orange, respectively.
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AE, 4 (O5): -1.43 eV +0.12 eV

d

MA-Cg, (Oy)) Li,O, (Oy)

Figure 5.6 Superoxide (O,") adsorption energy (AEads) on MA-Cgo versus on the (100) surface of Li,O..

C = gray; H = white; O = orange only for superoxide and yellow for the rest; Li = yellow.

Next, to theoretically determine which reaction path is more preferred between surface or solution
routes, the adsorption energies (AE.qs) of superoxide radicals (O™ or LiO;) have been evaluated by DFT
calculations. Since the superoxide species are key reaction intermediates in both surface and solution
mechanisms, the AEags’s of these intermediates can be used as descriptors to predict the subsequent
Li»O. growth models.** Resultingly, O, adsorption was much preferred at MA-Cq than at the Li,O-
surface (i.e., AEags(0O2™) =-1.43 eV for MA-Cg and +0.12 eV for Li,O, (100) surface, Figure 5.6). This
implies that O, radials generated on electrode surface can be facilely diffused into electrolyte and then
captured by MA-Ce rather than staying on the electrode surface. That is to say, the solution mechanism
is expected to be preferred to the surface mechanism when MA-Cg is present. This calculation result is

consistent with the formation of Li»O toroids in the presence of MA-Cg.33%

Benefit of the use of superoxide disproportionation catalyst was more clearly understood from a
mechanistic standpoint by sketching free energy diagram along reaction pathways of the solution
mechanism (Figures 5.7 and 5.8). The dissolved superoxide radicals in the electrolytes interacts with

Li* to form soluble lithium superoxide (equation 5.2)
Li*son + O27coy — LiOzs0i) (5.2)

Subsequently, the Li-O, solid can be formed in solution via disproportionation of the soluble LiO;

(equation 5.3).

2Li0s0y — Li2O2s) + Oxzol (5.3)
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Figure 5.7 Free energy diagrams for Li,O, formation through reaction pathways of the solution
mechanism in the presence of MA-Cg versus in the absence of MA-Ce. The pin-colored region

indicates the disproportionation step from LiO dimers into Li,O; and solvated oxygen.
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Figure 5.8 Model systems used for calculating the free energy diagram of Li»O formation via solution
mechanism in the presence of MA-Cs (denoted as ‘MA-Ceo” in Figure 5.7). Carbon, hydrogen, and
oxygen atoms of MA-Cgo are colored in gray, white and red, respectively. Lithium and oxygen atoms
of O, LiO; and Li-O- species are colored in yellow and orange, respectively.
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It should be notified that in the solution phase, the energetics cannot be expressed by a function of
electrode potential since the reaction intermediates do not directly contact with the electrode surface,
but the electrons are transferred by O™ radicals.?* Resultingly, the thermodynamic barrier of the
disproportionation step of (LiO2), = Li»0; + Oz (A[AG] = AG(Li202 + O,) — AG((LiO2)2)) was +0.69
eV for MA-Ceo-free situation. The barrier decreased significantly to +0.07 eV when MA-Cg was
adopted. Consequently, the solution-phase reaction is considered more favored in the presence of MA-
Ceo by lowering the endothermicity of the disproportionation barrier.

5.3.3 MA-Cg versus Malonic Acid

We tested the possibility that the malonic acid (MA) without Ceo moiety plays the same role of
MA-Cseo since the MA moiety of the MA-Cgo Was revealed to be the thermodynamically most favoured
adsorption sites for superoxide (Figure 5.9). Although we are not yet sure what the reaction promoted
by MA is, the reaction is not supposed to be the superoxide disproportionation, given the inferior

30t 0.1 mA cm™

M A' c60

\ Malonic acid
6 mM, 50 mM

2.0 1 -
0 1 2 3

Q (mAh cm™)

Figure 5.9 Voltage profiles of LOB cells containing MA-Ceo or malonic acid (MA) as an additive. 2

mM MA-Ce was used while 6 mM or 50 mM malonic acid was used. The LOB cells were
galvanostatically discharged at 0.1 mA cm2 as indicated. Lab-made Swagelok-type LOB cells were
constructed with a binder-free carbon-fibre gas diffusion layer (GDL, P50, AvCarb) as a cathode and

lithium metal disk of 12 mm in diameter as an anode. 1 M LiTFSI in DEGDME was used as electrolyte.
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contribution of MA to the LOB capacity. When the MA was used as the additive instead of MA-Cq,
equivalent to 2 mM MA-Cg in terms of the number of MA (3 MA functionality in 1 MA-Cg), on LOB

capacity was totally negligible. A small improvement was observed when 50 mM MA, ~10 times more
MA than 2 mM MA-Cso, was introduced.

5-mer cluster of MAS
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Figure 5.10 a, Electrostatic potential maps around the electron density isosurfaces of the optimized
structure of MA-Cg and MA. The 5-mer cluster configuration based on hydrogen bonding was used for
representing the MAs in an aprotic solvent. b, The adsorption energy (AEags) of superoxide to MA and

MA-Cso. AEags changed with the number of superoxide adsorbed on the indicated fraction of molecules.
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Moreover, the adsorption of superoxide to the MA in solution was found to be much weaker than
that to the MA-Cs (Figure 5.10). The hydrogen-bond-based 5-mer cluster of MAs was
thermodynamically favoured in an aprotic environment.*® The inter-MA hydrogen bonds made the
superoxide-MA interaction weaker than the superoxide-MA-Cg interaction: the adsorption energy of
four superoxide molecules: +0.55 eV to HO- of MA > -0.38 eV to -Cgo 0f MA-Cso > —0.92 eV to -Cqo
> -2.68 eV to HO- of MA-Ce. Therefore, both MA moiety and Cgo moiety are required for facilitating

the superoxide disproportionation.

5.4 Conclusion

MA-Cso, a SOD mimic, catalyzed disproportionation reaction of reactive superoxide to molecular
oxygen and peroxide. Superoxide-triggered side reactions were suppressed while lithium peroxide as a
final product of ORR in LOBs was dominantly produced via solution mechanism in a toroidal form on
electrode surface. As a result, discharge capacities of LOB cells containing MA-Cg were tremendously
improved especially at high rates. This MA-Cego strategy should be distinguished from previously
reported superoxide-controlling strategies. Both high donor number solvent molecules and discharge
mediators help superoxide electrochemically converted to peroxide without side reactions or in a fast
manner. However, MA-Cg drives chemical disproportionation of superoxide. Peroxide is generated
without electron gain from electrode while generated oxygen is recycled for electrochemical ORR. In
particular, theoretical results further demonstrated that hydrogen bonding at the MA group plays a major
role for superoxide adsorption and subsequent disproportionation reactions. It should be notified that a
comprehensive library of SOD mimics is ready for improving performances of LOBs and sodium-
oxygen batteries. Research societies would find more opportunities on extending the use of SOD

mimics for superoxide management in energy storage and generation systems.
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Chapter 6. Summary and Future Perspectives

6.1 Summary

Adsorption is important in energy conversion and storage technologies because the energy states
of adsorbed reaction intermediates can possibly determine the overall mechanistic pathway of
electrochemical processes. This dissertation presents the theoretical studies on adsorption behaviors in

catalysis and energy applications using multi-scale simulation methods.

First, we theoretically demonstrated the origin of excellent activity and selectivity of atomically
dispersed Pt catalyst on CNT (Pti/CNT) for the CER. Notably, the active Pt—Ny sites in the Pt;/CNT
could preserve a more stable structure than those of PtNP/CNT and commercial DSA catalysts. Based
on the adsorption free energies for all the relevant adsorbate species by DFT calculations, we identified
the PtN4C» as the most plausible active site structure for the CER. By combining the theoretical and
experimental results, the mechanistic pathways for CER over Pt;/CNT was fully investigated.

Next, we theoretically elucidated the role of ion adsorption in the catalytic biomineralization of
calcium carbonate. Each ion could promote or inhibit the phase transition, depending on hydration
stability and ionic size. Thermodynamically, we could construct the fundamental relationship between
two opposing factors in the phase transition process, endothermic dehydration and exothermic

crystallization.

In addition, the adsorption of floating reaction intermediates, such as polysulfides (Li2Sx) in the
Li-S battery and superoxide species (O2" or LiO;) in the Li-O; battery, were thoroughly investigated.
First, we demonstrated a molecularly designed chemical trap for polysulfide adsorption in the Li-S
battery. The results revealed that the pore-size-enabled adsorption and boron-mediated chemical affinity
of COF-1 enabled the exclusive adsorption of Li,S in its molecular size, which can remarkably improve
the Li-S cell performance. Next, we investigated the superoxide dismutase-mimetic (SODm) catalyst,
MA-Céeo, for adsorption and disproportionation of reactive superoxide species in the Li-O; battery. These
results revealed that MA-Cgo could chemically catalyze the Li,O, formation by significantly reducing

the thermodynamic barrier at the disproportionation step in the solution mechanism.

Overall, we theoretically investigated the adsorption behaviors of (electro-)chemical conversion
and storage processes, which can function as descriptors with reliable predictive ability for the
(electro-)chemical performance. These fundamental knowledge regarding adsorption chemistry will
pave a way to develop the design of advanced catalysts and battery materials for a sustainable energy

future.
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6.2 Future Perspectives

We propose future works related to present investigations on adsorption behaviors in catalysis and
energy applications. Also, we discuss limitations of current research and propose future research

directions to address them.

First, we note that structure-activity relationships in transition metal- and nitrogen codoped carbon
(M-N/C) catalysts have not been fully established. Although we present one example regarding the
atomically dispersed Pt catalysts on the CNT (Pt;/CNT) with high activity and selectivity for the CER
(Chapter 2), a fundamental understanding about the role of active metal centers (Pt atom) and their
ligands (N atoms) remains unclear, particularly related to the electronic structures. A recent study
highlighted that a design principle for M—N/C catalysts, relevant to the hydrogen and oxygen
electrocatalysis, could be constructed based on the intrinsic characteristics of active centers, such as the
electronegativity of metal atom and its ligand atoms, and coordination numbers.! We expect that this
kind of design principle can be extended to include the CER based on the scaling relationships of
adsorption free energies, which enable to find the active metal centers for each target reaction in the M—

N/C catalyst.

Although the scaling relationships of adsorption free energies for reaction intermediates are useful
to find the thermodynamic optimum for each target reaction, the application of these relationships may
be detrimental to the design space for advanced catalysts due to the constraints by the energetic
connection between key reaction intermediates. For example, ORR and OER typically have different
thermodynamic optimums for adsorption free energies, implying that a single active site cannot
simultaneously achieve the desired adsorption energies for both reactions.? Therefore, breaking the
scaling relations can be advantageous for enhancing electrocatalytic performance. To resolve this issue
in single-atom catalysts, we suggest fine-tuning the neighboring ligand atoms in addition to the active
metal centers. Currently, many studies have related the d-band centers of active metal atoms with
catalytic activity; however, the precise role of neighboring ligands such as nitrogen, carbon, oxygen and
sulfur atoms, is not clearly understood. In this context, the d-p hybridization between the d-electrons of
the metal center and the p-electrons of ligands (i.e., N, C, O, S, etc) can ultimately determine the
hydrophobicity of adsorption sites, enabling a promising exploration of the active site configurations
that obey the constrained scaling relations. A recent study demonstrated that the OER could occur by
alternating the adsorption sites from metal centers to N atoms in the MN4C4 catalyst (i.e., M = Fe, Co,
and Ni), referred as ‘dual-site mechanism’.? Therefore, our future research efforts will be directed to
build a guide principle for single-atom catalysts, which can be deduced from both construction and

breakage of scaling relations by exploring the plausible combinations of metal centers and ligands.
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Another interesting topic of future research is broadening the concept of SODm catalysts (Chapter
5) to understand the factors that determine the electrochemical performance of the LOB. One of the
most challenging aspects of this topic is that the adsorption of reaction intermediates in the LOB (i.e.,
O or LiO;) cannot be directly expressed as a function of electrode potential, unlike other
electrochemical reactions (i.e., OER, ORR, CER, etc), because the reaction occurs with the electron
carrier of O, radicals rather than on the electrode surface.* Therefore, thermodynamic descriptors based
on scaling relationships, which have been widely used in hydrogen and oxygen electrocatalysis, are
inappropriate for these (electro-)chemical processes. In this context, the development of a new
descriptor that can interpret the solution chemistry of the adsorption energies of superoxide species (i.e.,
0" or Li0Oy) is highly demanded. We will start our investigations by defining the relationships between
the adsorption energies of relevant species, including i) candidate SODm catalysts, ii) organic
electrolytes (depending on the donor number), and iii) possible reactants, intermediates and product
species (i.e., Oy, 027, LiO2, O,* and Li»0,). By comparing these relationships with the actual LOB
performance obtained from experiments, we expect that a valid descriptor of SODm catalysis that

predicts the LOB performance could be developed.
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