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Basics of bond-valence theory

« The bond-valence method is a development of the Pauling rules
» Each bond A-X has a valence s, _, which depends on bond
length, chemical nature of the elements and oxidation states
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Bond Valence

R, and b (= 0.37A) are tabulated parameters
characteristic of the pair A-X and R, is the bond length

Bond length (A)

* Valence sum rule: The total valence V, of the cation A
(ideally equal to the magnitude of the formal charge)
coordinated by N anions X is given by the bond-valence
sum (BVS): Ne

V=D Sy =V, (formal charge)
=1

http://www.lucr.org/resources/data/data-sets/bond-valence-parameters
I. D. Brown, The Chemical Bond in Inorganic Chemistry: The Bond Valence Model, Oxford University Press, 2002.




Validation of crystal structures

- The bond valence approach is frequently used to validate newly
determined crystal structures by the calculation of the Global
Instability Index (GlII)

1 Ny ¢ total number of atoms in the unit cell
2 ideal \ 2 e - total number of atoms in the unit ce
G I I = — E mi (BVSI —Vi ) Nasym : NUMber of atoms in the asymmetric unit
N 1ol m; : multiplicity of the site i.
ce I=

An example: LiB;O.

Formal Bond Bond
Atom oxidation valence valence
state sum mismatch




lonic conduction and the BV method

The bond-valence method can be used for assessing the ionic
conduction path from the knowledge of the crystal structure.

Low-energy transport pathways for the motion of ions
between equilibrium sites should correspond to a sequence
of positions for which the BVS mismatch: AV(r)=|BVS(r)-
Videal(r)| remain as small as possible, so a simple geometric
calculation allows to figure out possible ionic conduction
paths.




Examples of the BVS Isosurfaces

Differential bond-valence mismatch in Ag-l
2.08A—Ryg-; o
Vag-1 = exp( 053 A )9 Reyt = 8A

Bond valence isosurface Bond valence i1sosurface

for a-Agl (AV=0.05 val. un.) for a-Agl (AV=0.083 val. un.)
S. Adams, J. Swenson, Phys. Rev. B 63 (2000) 054201



Examples of the BVS Isosurfaces

Differential bond-valence mismatch in Li,B,0,

(1.17096A—RL,;_O

0.516 A )’ Reur = 5.5A

VLi-0 = €X

MEM reconstruction of negative  Differential valence map of lithium

(L1) nuclear scattering densities in Li,B,0, (AV=0.2 val. un.)
in Li,B,0,




lonic conduction and the BV method

« Limitation of the conventional BVS method:
» Only the first coordination shell is considered.

» No energy units are available to compare between
different compounds

Trick:

Use simple parameters for converting BV expression to
an adequate potential (including Coulomb repulsive
terms) and extend the action distance allowing to get
more precise results




lonic conduction and the BV method
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Extension of the BVS method

* Not only first coordination shell but a sphere with cutoff radius R
IS considered,;

 both R, and b parameters are adapted using bond-stifness approach;

Pseudopotential representation of the

correlation between bond-length R and : :
bond valence s. Typical Morse potential
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Extension of the BVS method

Stefan Adams, Practical E— Dn{(exp[rx(ﬂmin _R)-1)?— 1}
Considerations in
Determining Bond-Valence [ exp RoR) _ g :
Parameters, Structure and = Do+ ( ’; 1 ) — 1
Bonding 158, 91-128 (2014) .~ o
-2 e , .V 1/ep2 .
Dy = Rs —c-14.4 ; [V‘d(;l::;% b Ruin ® Ro X [fi +f2- |64 —0x|] = b -In (;—;)
Ve (sm-x, — Smin) =
BVSE(M) = Do |} ~—— —N| + > Ecouomb(M — M)
j=1 “min i=1

_amgm, (R
Ecoutomb(M1 — Mp) _RM. M, m[L(PM. Mz)




Extension of the BVS method

Energy isosurfaces of LiFePO4

E'Emin - 020 eV E'Emin - 080 eV E'Emin - 091 eV




Examples of the BVEL iIsosurfaces

Cathodes for Li-ion batteries

1D 2D

Li, FePO, Li,CoO,
olivine distorted rock-salt




Examples of the BVEL isosurfaces

DFT

Fig. 12 Regions in the Li,GeS, structure accessible to moving Li™ ions according to BVSE
energy calculations (top half of the unit cell) for AEgy g of (a) 0.95eV,(b) 1.1 eVand(c)1.35eV
and the procrystal analysis (hortom half of the unit cell) showing paths with electron density
isovalues of 0.0016 au, 0.0018 au, and 0.0024 au, respectively



Computer programs

computer programs

L\pplllefd 3DBVSMAPPER: a program for automatically
Crystallography generating bond-valence sum landscapes

ISSN 0021-8898

Matthew Sale* and Maxim Avdeev*
Received 8 March 2012
Accepted 20 July 2012

i'\,r
BVEL, ,_ 2:(m1){w@ mm-@ﬂ-—lf—q)_ 2)
j=1

V|V
1/2

N
BVELHﬁKEZ{CmnEV :
i (n ot }.)

X Irerfc (d—j) — erfc d““j“ﬁ)-‘ l (3)

The program needs the use of Materials Studio
P = pf(rTI + *‘}')- (4)

=1




The BondStr program

Features:

» BV and BVEL maps

» Map visualization with VESTA

» Automatic assignation of formal charges
» Automatic detection of percolation energy
» High-throughput calculations

» Distributed within the FullProf suite

Bond_5tr GUI-Inte

File Run Run-VESTA Results Help Exit

hroEdd 28 2w X
TRV BondStr

Distances, Angles, Bond-Valence Sums (BVS)

and Bond-Valence Energy Landscapes (BVEL)

Code of files: |LiCa0z Restraints File:  [CFML_Restraints.tper
wéorking Directary: |E:\ErysFML\Program_EHampIes'\B ond5thE xamples Browse. .. I
Title:  |LiCo02
SpaceGroup [HM or Hall symball: |B -3 m or [ Listof Sprmetry Operators— Yiew List

_ Cell parameters: |2.81 E38(3) 2.81698(3) 14.064E(1) 90.00000 30.00000 120.00000
[Sigmas are optional)

I~ Distances Output [ Restraints output D_max, Anglmin: | 2.500 95.00
MHurnber of Atams: Sil Dimnax [Dist, Angl) | 3.200 0,000 Talerance(x] 30.000

[Example of atom sting:  Fe-a  Fe+3  0231102) 000 012342) 0451) 05 |

Wwiite as follows: Label Spec. #/a w/b z/c Biso Occ
Atom . |Li L+l 00 0.000000 0.0158(6)  1.00000
Atom# . |Co Co+3 0 0 0500000 0.062(10]  1.00000
Atom#t |0 02 0 0 023345(3) 00680100 200000 &5

" Bondalsnce Map

& BY-Erergy-Landscaps Map

[Exarnple for BVS/BVEL Map: 50 50 70 Liel 8.04100 02/24

Number of Divisions along =.p.z. |3u 30140 Li+1 10 25 [ softBws
Atam Species, Drmax_delta " NoMap

¢ NoASCH Map output  xy.z Energy Fomat 7 GFourier Format [ Percolation,  Max, Energy:2.00

Mumber of user-given Bond* alence parameters :I Mumber of FSTAESTA commands :I
"C-4, d0 B0 as FE+30-21.7600.37 | = Exw connFe 00024 -~
BWSpar #1 Fat #1
BWSpar #2 Fat #t2
BWSpar #3 - Fat #3 -




The BondStr program: the output

A KEDIT - [CACrysFML\Program_Examples\BondStA\LiFePO4.bys] @M
% File Edit Actions Options Window Help = [[& ]| %
D[s|E| & o = gl ssfey ol sl

Bond-Valence Energy parameters (DO.Rmin.,alpha) for Morse Potential: DO*[{exp(alpha(dmin-d))-1}"2
(data read from internal table. provided by the user or calculated from softBVS parameters)

Type 1: FE+2 with type 4: 0-2

Do = 1.69269 Rmin = 1.96005 Alpha = 2.08333
Av. Coord.= 5.74300 RO = 1.57911 R-cutoff = 5.50000 => Reference: S. Adams and R. Pra
Cation (Eff. radius): FE+2( 1.260) Anion (Eff. radius): 0-2 ([ 1.330)
Type 2: LI+1 with type 4: 0-2
Do = 0.98816 Rmin = 1.94001 Alpha = 1.93798
Av. Coord.= 5.02100 RO = 1.17096 R-cutoff = 5.50000 => Reference: 5. Adams and R. Pra
Cation (Eff. radius): LI+1( 1.310) Anion (Eff. radius): 0-2 ([ 1.330)
Type 3: P+5 with type 4: 0-2 L
DO = 3.89635 Rmin = 1.44066 Alpha = 2.28833
Av. Coord.= 4.00000 RO = 1.62038 R-cutoff = 5.00000 => Reference: S. Adams and R. Pra
Cation (Eff. radius): P+5 ( 1.100) Anion (Eff. radius): 0-2 ([ 1.330)
|
=> Global distance cutoff: 8.0000 angstroms

[ w| ®[ 8] k[«| EIE| & &lch| =[]

Line=148 Col=57 Al=0.0:0 Size=182 Files=5 Windows=5  |OVR |RAW | 0227




The BondStr program: the output

A KEDIT - [CACrysFML\Pragram_Examples\BondStrLiFePO4.bys] [ESREEN)

=| File Edit Actions Options Window Help = [[& ]| %
D|es|E| & o = alqf g of~| slw(e)

===

=» Value of Delta (for volume calculation) : 3.0000 eV

=> Available volume for ion mobility in the unit cell: 30.0735 angstroms”3
=> Volume fraction for ionm mobility in the unit cell: 10.31 %

=> Minum Energy (in eV): -4.5907

=> Number of pixels with Emin < Energy < Emin+Delta: 29936

=> Computing first estimation of percolation energies (it can take some minutes)
Percolation along a: No
Percolation along b: Yes. Percolation energy: 1.00 ev
Percolation along c: No

=> Refining energies....
axis b
Searching percolation between 0.50 and 1.01 eV
Percolation energy above Emin: 0.90 eV
Searching percolation between 0.80 and 0.91 eV
Percolation energy above Emin: 0.88 eV, Isosurface for VESTA: -3.71 eV

=> Bond Valence Energy Landscape in File: LiFeP0O4_bwvel .map
=» VESTA File: LiFeP0O4_str.vesta

=> Normal End of: PROGRAM BOND_STR M
=> CPU-time: 12.9949 seconds
* % * End of File * * *

1| k

[ w| ®[ 8] k[«| EIE| & &lch| =[]

Line=159 Col=56 Al=0.0:0 Size=182 Files=5 Windows=5  |OVR |RAW | 0228




Screening the 1ICSD with BondStr

* \We have used BondStr to investigate the crystal structure — ion
conductivity relation in Li and Na compounds
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Summary

Bond-Valence Energy maps/isosurfaces give a clear evidence (first
approximation) for the ionic diffusion pathways in the material

BVEL Model has a high predictive potential and is adapted for
studying whatever ionic diffusion species
- the cation conductors, e.g. sodium or magnesium
- the anion conductors, e.g. oxygen or hydrogen ...
- This model is now used to predict percolation energies and
conduction paths systematically on databases (i.e. ICSD)

The BVEL Model is restricted to compounds close to ionic character;
e.g. It does not, in general, apply to metals or organic compounds

The program Bond_Str together with a GUI is distributed within the
FullProf Suite. The source code is freely available within the

repository of the CrysFML library:
https://forge.epn-campus.eu/projects/crystml/repository




