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Outline

Potassium-ion batteries: A potential alternative to Lithium-ion batteries

The new anode material: Generating structures from experimental data

Addressing density functional theory’s shortcomings: Using ensemble DFT for more accurate results

Viability of the proposed anode: Calculations and comparisons




Potassium-lon Batteries



Introduction to batteries

Charger
T

Electrolyte

Flow of electrons and ions during the discharge stage

Anode
Graphite

Electrolyte

XPF¢ in EC:DEC (a mixture of
ethylene carbonate and diethyl
carbonate)



The problem with lithium

Source: United States Geological Survey

Mine production Reserves®
2021 2022°
United States W W 1,000,000
Argentina 5,970 6,200 2,700,000
Australia 55,300 61,000 76,200,000
Brazil e1,700 2,200 250,000
Canada — 500 930,000
Chile 28,300 39,000 9,300,000
China €14,000 19,000 2,000,000
L't h s Portugal €900 600 60,000
Itnium Zimbabwe 710 800 310,000
Other countries® — — 3,300,000
World total (rounded) 9107,000 9130,000 26,000,000

0.002% Earth abundance
Uneven global distribution | ek

Home > Transport > Maritime and shipping > Maritime and the environment

Expensive

News story

Government takes historic step
towards net-zero with end of sale of

new petroland diesel cars by 2030

ACS Applied Energy Materials 2020, 3 (10), 9478-9492.
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What makes an ideal ion?

1. Low Redox Potential 2. High Energy Density
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What makes an ideal ion?

.. . .. + + 1t
Shannon’s Radii (lonic Radii) K Na " I:l_ .
” - P 18 /,’—":\ 5
Revised effective ionic radii and systematic lonic radius +1.38A". ¢ 02 A ‘\ i 0.76 A
studies of interatomic distances in halides and g " ! {8
chalcogenides. (1976) ‘\ - I’ ‘ O
N g \ / \\
S S\ < > / N,

Stokes radius

Stokes Radii in PC 36A < 46A < 48A

Radius of an ion in solution. A smaller Stokes Stokes radius 1 25 A < 1 84 A < 238 A

radius indicates minimal interactions with the .
) ) In water
surrounding solvent, leading to a smoother
journey between anode and cathode.

Inner sphere: lonic radii

Outer dotted circle: Stokes radii in water

Chemical Reviews 2020, 120 (14), 6358-6466.






The need for new anode materials

= Pristine Graphene Anode with Potassium lons
; Volume Expansion 58%
phP - A Cycling Stability

75.5 mAh/g (100 cycles
@ 0.05 A/g)

The Chemical Record 2018, 18 (4), 459-479.



The need for new anode materials

Solution

Use nitrogen doping to create more stable and efficient anodes

Creates defects in the graphene structure
that provide space for the larger
potassium ion

The addition of pyridinic (6-member ring) and
pyrrolic (5-member ring) nitrogen removes
carbon atoms to create holes

ACS Applied Nano Materials 2023, 6 (21), 19896-19904.

Creates accessible active sites in the
graphene structure

Doping creates lone pair electrons on the
nitrogen atoms that helps facilitate potassium
adsorption
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Nitrogen-doped carbon nano necklace
(N-CNN)

EXAPPLIED
NANO MATERIALS

www.acsanm.org Article

N-Doped Carbon Nanonecklaces as a Potassium-lon Battery Anode
Yan Gu, Ya Ru Pei,* Ming Zhao, Guo Yong Wang, Chun Cheng Yang,* and Qing Jiang

Cite This: ACS Appl. Nano Mater. 2023, 6, 19896—19904 Read Online
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N 1s
N-Types Pyridinic Pyrrolic Graphitic

StrUCtural Data Con.(%) 42.44 5570 1.86

Pyridinic N \ Pyrrolic N

Carbon Nitrogen Oxygen Nitrogen Composition

Pyridinic  Pyrrolic Graphitic
N N N

Intensity (a.u.)

85.63% 6.68% 7.69% 42.44%  55.70% 1.86%

0 394 396 398 400 402 404 406 408
Bindina Enerav (eV)

STEM image elemental mapping




Carbon

Nitrogen Oxygen Nitrogen Composition

Pyridinic N

Pyrrolic N Graphitic N

85.63%

6.68% 7.69% 42.44% 55.70% 1.86%

Ao

prridine =

N pyrrole =

Ng

OXfinal. =

Inputs
Starting number of carbons

Percent of pyridine as compared to the
entire structure

Percent of pyrrole as compared to the entire
structure

Percent graphitic nitrogen as compared to
the entire structure

Percent oxygen of the final structure

Oxygen
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The importance of large-scale system analysis

Most calculations in literature:

- Position 4 | —e— Adsorption Energy
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Energy & Environmental Science 2019, 12 (5).
S Applied Surface Science 2022, 579, 152147.
AE,=-0.56 eV 14




Addressing Density Functional
Theory’s Shortcomings



Overview of density functional theory (DFT)

The energy is described by known
terms of independent electrons, with

a term introduced that accounts for
the “unknown” (exchange-
correlation energy)

The total energy of electrons in their
ground state is a functional of the
electron density. The electron density

is described by a single Slater
Determinant, which can be mapped
onto a reference system

WIREs Computational Molecular Science 2015, 5 (1), 146-167.

1o Y
E=VeuP) =5 ) A+ ) —+ Ex
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External Kinetic Hartree Exchange-
potential  energy energy correlation
energy
p(#) = ) i1
[
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Where DFT breaks down: electron correlation

Electron Correlation
If there is a strong electron correlation, the
electrons cannot be assumed to act
independently of one another, and therefore a
non-interacting approach for energy is inaccurate

Conjugated Charge
Systems Transfer

Magnetic
Systems

Ecorr = (CDHFlH = EHF|LP>

The correlation energy is the
difference between the exact
Hamiltonian (H) and the HF energy

P(r{,17;) # P(r{ )P(13)

The correlated motion of (2)
electrons cannot be taken as the
product of the independent motions
of said electrons

WIREs Computational Molecular Science 2015, 5 (1), 146-167.
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RSC Advances 2021, 11 (30), 18371-18380, 10.1039/D1RA01095F.

Electron correlation in the N-CNN

Paramagnetism
reported at
pyridinic active sites

Charge transfer
reported at active
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Ensem
Ensem

ground state is a functional of the
electron density. The electron density
is described by a single Slater
Determinant, which may be mapped

0

0

e DFT (eDFT): spin-Restricted
e-referenced Kohn-Sham (REKS)-DFT

The total energy of electrons in their

—

onto a reference system

The electron density is now
described by a weighted sum of
Slater Determinants, which can be
mapped onto a reference system. A

reference potential will always exist
in eDFT

N

WIREs Computational Molecular Science 2015, 5 (1), 146-167.

P = D |i(F)?

M
ps(7) = > Aupr()
L=1

—

Spin-restricted
ensemble-referenced Kohn-Sham
method: basic principles and
application to strongly correlated
ground and excited states of
molecules

Michael Filatov*
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REKS-DFT: expanding the energy term

ng

M = n7

Elpsl = 2 AElpL] Ay = 719
=1

A3 = —Ay =Ag = -4 = Ef(na: ny) = E(nanb) L A

Elps]

. - - 1 1 I R D
=B atbal + Bl obn) + £ (as) (B batbn] =5 Bl bl + 3 Bl Babs] =3 Bl s

* Indicates singular Slater Determinant: allows for use of XC functionals

: Damping Factor
Nng, Ny are two electrons in the 5= 0.4
degenerate state '
Ty —— Allows for smooth convergence
orbitals) when the ensemble determinant
ng +ny =2 collapses into the standard KS

: . determinant.
WIREs Computational Molecular Science 2015, 5 (1), 146-167.




REKS-DFT: Collapsing into KS-DFT

Interpolation Function:

_Ng*np+6
f(na'nb) — (na = le) 206

a b
Fractional

Occupation Interpolation Function

ﬁ
Numbers % —— e
1.4

f(na,my) = (ng *my)" 200D
1

Ng~np~1
= (ng * np)2 REKS-DFT KS-DFT
1 0.4
a2 f(ng,np) = (ng * np) 20404
nb~0

~ (ng *np)*



Summary of REKS-DFT: methods comparison

eDFT (REKS)

DFT (KS)

* Applies to any system

* Energy described by sum of
weighted Slater Determinants

* Collapses into KS-DFT at weak
correlations

* Does not apply to every system

* Energy described by single Slater

Determinant

* Does not account for
interactions between electrons

22




V
R
O
C
<
§S,
<,
w




Experimentally described properties of the
N-CNN and relevant benchmarks

Property N-CNN Graphite

75.5 mAh/g (100

Cycling Stability 174 mAh/g (1,000 cycles @ 1 A/g) cycles @ 0.05 A/g)

Interlayer Volume Expansion 11% 58%

Adsorption Energy Negative Values (< —0.87 eV)

Open-Circuit Voltage 0.01-10V

Theoretical Maximum
Capacity

Competitive Theoretical Capacity (=
372 mAh/g)

24



REKS-DFT: computational process in GAMESS

GAMESS: General Atomic and Molecular Electronic Structure System

Journal of Computational Chemistry 1993, 14 (11), 1347-1363.

Run a Restricted Hatree-Fock

(RHF) calculation
SCEFTYP=RHF

Needed to compute the eigenvalues.
GAMESS can make an initial guess of the
eigenvalues for REKS, but it is a poor guess

>—  DFTTYP=PBE

Take eigenvalues from RHF
SCFTYP=REKS calculation for use in REKS
calculation

Coordinates: XYZ format

25



Adsorption Energy

Ad Sorption: The attaChment Of an ion to the physica status solidi (a) 2020, 217 (21), 2000433.

surface of a solid Adsorption Energy vs. Interlayer Distance, pristine graphene
: . 2.5 -

Adsorption Energy: The energy decrease that _ ———y

occurs when an atom/ion undergoes adsorption 20} —e—Na

on a surface 151

Experimental. Initial spacing 4 A,
after discharging the spacing

0.5

AWY:

Adsorption energy (eV)

ranges from 4.2 Ato 4.7 A 0.0 v .

(average spacing of 4.45 A after | \'\.‘_.}"é{/

discharging) 18]
T3 4 s 6 1 s

Why negative adsorption energies? Distance d (A)

The more negative the adsorption energy, the higher stability of the adsorbed structure.

Values lower than -0.87 eV are ideal. Nanomaterials 2021, 11 (8), 1900.
26



Adsorption Energy

Eqas = (Ecomplex — En-cnv — Ex)/n

— —_—t

Anode + lons Anode lon # lons

Pyridinic
Pyrrolic

-
-

AEa= -3.195 ¢V AEa=-3.128 eV AEa= -4.117 eV AEa=-3.555 ¢V

Increasing Nitrogen doping at active sites increases magnitude of adsorption energy

Electrochimica Acta 2020, 337, 135767.

27



Adsorption Energy

Potassium adsorption on graphene.

- -0.4
Low Concentration K+ i [] ordered stru.
25% w.r.t. structure 0.6 - O v 3x3cell
T 0 & 4xdcell
7 i ¢ SxScell
% 08
% 0 fecescsccccnareccssnssccasMecccncoscsncns ‘
o
. . v
Medium Concentration K+ 3 DET Calculations 510 -
50% w.r.t. structure E —
complex 12k
-14F
p ®  double-layer
High Concentration K+ B A I S i
75% w.r.t. structure 00 02 04 06 08 1.0

K/C ratio, x

Nanomaterials 2021, 11 (8), 1900.
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Journal of Molecular Modeling 2023, 29 (5), 139.

Open-Circuit Voltage
124 \
1.0
- |
[ Want to have large o ol
potential difference b 3.0 z ’
between the anode and S 8 oa
cathode (< 1.0 V for the X 25;
anode) ¥ | 04-
G 207
: 0.2 4 T —e—»
> T v T L R T v T Y T Y T
= Yt 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
.'g - K-ion content of K C,N
5100
Cathode 25V B gl
Anode 0.01-2V L AR — .
0 200 400 600 800 1000 1200 1400
The Chemical Record 2018, 18 (4), 459-479. i Capacity (mAh g”)
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Open-Circuit Voltage

cell AG = Gibbs Free Energy
OCV = — An x 7 % F An = Change in K+ ions through
n charging/discharging
F = Faraday constant (26.8 Ah/mol)
Where: E g = Adsorption energy

ac e+ Ay - 3

Volume change (AV ) and entropy change (AS ) are
negligible and can therefore be ignored: CNN + xK + + xe~ Kx CNN

Anode Half Reaction

ads

Anx/ * F

OCV = —

30



Maximum Theoretical Capacity

C_xF
M

For competitive theoretical capacity:
Specific Capacity Li-graphite system = 372 mAh/g

mAh Ah
372—— = 0.372 =

X = Maximum concentration of K+ ions

* Determined by adsorption concentration test
F = Faraday constant (26.8 Ah/mol)
M = Molar mass of anode material = 5758.643 g/mol

X * 26.8A—h
mol

g g

x =79.5 = 80 atoms = 17.2% w.r.t.structure

M ~ 5758.643 g/mol

31



Maximum Theoretical Capacity

25% K+ lon

x ~ 116

C = 116 * 26.8
~ 5758.643

C =540mAh/g

Experimental:
1378 mAh/g
0.01 V vs. K/K+

32



Summary: competency as compared to other
potential K+ anode materials

N-CNN 174 mAh/g (1,000 cycles, 1 A/g)

N/S codoped carbon nanocapsule 150 mAh/g (2,000 cycles, 2 A/g)

Carbon microspheres knitted by Carbon

- 155 mAh/g (1,000 cycles, 0.279 A/g)

N-doped Carbon nanosheets 151 mAh/g (1,000 cycles, 1 A/g)

P-doped glucose combined with

multiwalled Carbon nanotubes 148.1 mAh/g (950 cycles, 0.2 A/g)

33



Conclusions and Future Work



Conclusions

v'There is a need to produce new batteries with other ions such as Potassium
to combat issues regarding Lithium

v'"Random structural generation methods can be used to generate structures
based on experimental XPS data

v'The REKS DFT method provides an opportunity for higher accuracy
calculations for systems DFT may struggle with

v'The anode material described in this work has competitive characteristics as
compared to other anode materials

35



Future Work I

* Large-scale study comparing various doping concentrations to see if
there is an optimal doping composition

* Apply the doping/defect generation method to other types of doping
such as boron and silicon

* Address discrepancies in literature: adsorption energies of nitrogen-
doped active sites, importance of doping and type of doping

* Apply REKS DFT to other systems, such as those involving metal
complexes, crystal structures

36
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Extra Slides



Synthesis of N-CNN ™

Homogenous mixture of the precursors
(ZIF-67, PAN) are electrospun to create
a fiber membrane

Annealing treatment in H,/Ar at 700° C

1. Pyrolysis of organic ligands (heating in
absence of oxygen)

2. Carbonization of the structure
(Transforming material into a carbon-
based material, in the absence of
oxygen)

3. During this simultaneous process, the

structure becomes doped with
Nitrogen.

4. The Cobalt is then etched away using
sulfuric acid.

ZIF: Zeolitic Imidazolate Framework
PAN: PolyAcryloNitrile

High
Voltage
A -
PN
F %
F %
/ L
¥ L
i %
F \
i LY
] 1 1 1
I 1 I I
: ! Carbonization : l
- ! “Etching | :
I I I I
] I
------------- L-------------l‘
N-doped carbon ZIF-67/PAN
nanonecklace nanonecklace
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Generating the Molecular Stru

Starting structure:

D

5

cture

Pristine graphene
sheet, no Hydrogen
(xyz file)

—

Shuffle data to
ensure randomness

g

Make a list of n
points not on the
edge of the
molecule

—

Add pyridinic
nitrogen atoms
within 1.55 A of the
selected n points

|

Add graphitic
Nitrogen

Remove n points to
create pyridinic
Nitrogens

Repeat process to
create pyrrolic

=) nitrogen atoms with

bond angles
automatically adjusted

Add Oxygens not
within 1.55 A of
nitrogen atoms, 2 A
above or below the
graphene layer




Generating the Molecular Structure

N Carbon Nitrogen Oxygen Nitrogen Composition
. pyridine—final
Ay = Ap — 3 — Npyrrole-finar + 0% - - o
N> _ Pyridinic N Pyrrolic N  Graphitic N
C __ Ypyridine—final +N
remove — 3 pyrrole—final
85.63% 6.68% 7.69% 42.44% 55.70% 1.86%
Npyrigine = 6-68 * 0.4244 = 2.83% Inputs
—_ - 0
Npyrrole = 6.68 * 0.557 = 3.72% A, = Starting number of carbons

N, = 6.68 x 0.0189 = 0.13%

Ox = 0.0769 = 7.69% Noyrigine = Percent of pyridine as compared to the
entire structure

N = Percent of pyrrole as compared to the entire
prridine—final = 0.0283 * 4, prrole structure > i
Npyrrote—finar = 0.0372 x A
Ny_fina = 0.0013 * 4, N, = Percent graphitic nitrogen as compared to
Oxfinal = 0.0769 * A4, the entire structure

Ox;,,. = Percent oxygen of the final structure

41



Oxygen

Generating the Molecular Structure

3. Generate oxygen

0O
o
S
=
C
Q 9
Y
o 2
o =
nn
3
(©)
~

1. Generate pyridinic

& graphitic nitrogen
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Generating the Structure: Improving Oxygen
Doping

* Bonds mentioned in
experimental XPS:
1. C=0
2. C-OH
3. C-0-C
4. COOH

e C-O-C, C-OH: out of plane, no
replacement of Carbon (will have
to change Z coordinates)

e C=0, COOH: appears to only be
present on edges

43



Generating the Structure:
Creating Pyrrolic Nitrogens

e Carbon pyrrole angles: 107.18 degrees (igmol minimization)

(E+D)/2




Generating the Structure:
Creating Pyrrolic Nitrogens

e Determining how much to move the points by

* Take origin as point to revolve angle around

* Know that point to be moved lies ~120° from origin
Know that length of bond = 1.51 A*=r

x =1cos(0)
y =rsin(0)
New points will be (theta represents change in angle):
x' = xcos(8) — ysin(0)
y' = ycos(0) + xsin(0)

Change in position:
— !
Xchange = X — X
— /
Ychange =Y — Y

Points G, H in new geometry:
new = originaly + Xcnange
new = originaly, + Ycpange

*In pi-conjugated system, this value ~1.48

(cos(120%), sin(120%))

5/
-
o




REKS-DFT: Fractionally Occupied Orbitals

Fractionally occupied orbitals appear from ensemble KS densities

N+1 N+1

N

+ N1

i
1
.‘.

N-1 41_17
—3—
e

H

N-1
Pens(T) = A1p1(F) + A,p,(F) = z 210(P)1% + 24| PN ()% + 225 Dy yq]? 46
;



REKS-DFT: Expanding the Energy Term

M T
Elpsl = Z M E[pL] ! nzb
- /12 _ 7

1 1 1_1 nanb+8

E[ps] /13 = _All- = /15 = —16 = Ef(na, nb) — E(nanb) 2( 1+ 6 )

[ (ba(ba] [ (I)b(bb]

1 1 1 1
+ (nanb)(l/z) _E[ cl)acl)b] [ (I)ad)b] + 5 E[ (I)ad)b] - E[ cl)ad)b])
E [ps]

1 1
— 2 [ (I)aq)a]‘l' E[ ¢b¢b]+f(na nb)( [---cl)acl)b] _%E[ (I)aq)b] + 5 E[ (I)a(l)b] - E[ d)ad)b])

Ng, Np are two electrons in the

degenerate state * Indicates singular Slater Determinant
Ng +np =2
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Why REKS-DFT?

Volume 141, Issue 2 RESEARCH ARTICLE | JULY 14 2014

systems ¥
Michael Filatov; Miquel Huix-Rotllant

W) Check for updates

—+ Author & Article Information
J. Chem. Phys. 141, 024112 (2014)
https://doi.org/10.1063/1.4887087  Article history &

14 July 2014 Assessment of density functional theory based ASCF (self-

The Journal of ...  consistent field) and linear response methods for longest
chemicalPhysics wavelength excited states of extended n-conjugated molecular

= Views of Share v & Tools v
. ® AN AN Key Finding:
H N N N . .
= = As system length increases, singular
k ol determinant DFT methods produced

unreasonable energy values
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Experimentally Described Properties of the

N-CNN

Graphite

N-CNN

Property

75.5 mAh/g (100
cycles @ 0.05 A/g)

174 mAh/g (1,000 cycles @ 1 A/g)

Cycling Stability

58%

11%

Interlayer Volume Expansion




Calculations and Benchmarks

Adsorption Energy Negative Values (< —0.87 eV)

Open-Circuit Voltage

Theoretical Maximum Capacity Competitive Theoretical Capacity (= 372 mAh/g)

50



Dlscrepanc:les in Adsorpt|on Energies

kS

AEa= -3.195 ¢V AEa= -3.128 ¢V

0.145 eV 0.312 eV
difference difference
'@ ' ?oooo il
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Coulombic Efficiencies & the Solid Electrolyte
Interface (SEl)

e SEI formed through interactions between
potassium ions and functional group
remnants from PAN starter

* SEI greatly decreases the efficiency and

capacity of the anode material CN
1st 1378
2nd 1012 r]
50th 313

100th 288
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Conclusions

v'There is a need to produce new batteries with other ions such as
Potassium to combat issues regarding Lithium

v'"Random structural generation methods can be used to generate
structures based on experimental XPS data

v'The REKS DFT method provides an opportunity for higher accuracy
calculations for systems DFT may struggle with

v'The anode material described in this work has competitive
characteristics as compared to other anode materials
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