Estimating off-stoichiometry using
density functional theory based
calculations and the sub-lattice

formalism

Sai Gautam Gopalakrishnan, Ellen B. Stechel, Emily A. Carter
Princeton University
gautam91 @princeton.edu

PHYS: New frontiers in the confluence of experimental thermodynamics, structural investigation &
theory/computation, American Chemical Society Spring Meeting
Apr 3, 2019


mailto:gautam91@princeton.edu

Solar thermochemical (STC) production of H, and/or CO

1 1 1
Candidates so far: 5 MO, - 5 MO, _s + > 0,
+ CeO, Concentrated
 Fe(Fe, X),0,4 solar radiation

- (AA)BO; Thermal reduction (TR)
High T (1673 K)

~vacuum (po, = 10 Pa)

Water splitting (WS)
Low T (873 K)
High H, yield (”H—ZO - 9)

PH,

State-of-the-art:
Pure and doped
fluorite-CeO,

Needs “good” materials!
 Durability (withstand high TR and low WS temperatures)

« Capacity (tolerate high degrees of oxygen off-stoichiometry)
« Stability (no undesired phase transformations)

. . Si | et al., Ind. Eng. Chem. Res. 2013, 52, 3276
Can we theoretically screen for better candidates? Carilo and Sohette, Sol, Energy 2017, 156 3



Thermodynamics of STC water-splitting:
Reduction energetics

1
MO, - MO + (§> 0, TargetT: 1673 K, pO,: 10 Pa

The reduction reaction is favorable if the Gibbs energy of the reaction is negative

1
AGrequction = GMO + (E) G% — GM%2 < 0

Rearrangement of terms (%) GOz < GMO2 _ (MO

Chemical potential of oxygen in gas stream | Chemical potential of oxygen in solid
MO,—-MO,solid __ MO, MO — dGSOlld
0,,9as 1 0 1 0 0 0] — G - G = dx
Uo =<—)G 2=—(HY —=TS% + RT Inp0,) 0
2 2 = ]—]MOZ — HMO _ T(SMOZ _ SMO)
Or, ugas = dgjss ~ AH}VIOZ _ AH;\/IO — T(SMOz — §MO)
H, S are T dependent Main T dependence is from S terms

0z,gas

Reduction is spontaneous, if ) < MMOZ—MOJSf)lid

0 Note: AHy terms are at 298 K, 1 atm



Thermodynamics of STC water-splitting:
Reduction energetics

1
MO, - MO + (E) O, TargetT: 1673 K, pO,: 10 Pa

M0O,—MO,solid H20—-H,,gas

Water-splitting is spontaneous, if u, < Uy

Oxygen chemical potential is the quantity to estimate

Chemical potentials in gas phases (H,, O,, H,O) can be calculated from
experimental data (e.g., from National Institute of Standards and Technology)

How to estimate chemical potentials (i.e., Gibbs energies) in solids?
Validate for CeO,?

ﬂo — HM02 _ HMO _ T(SMOZ _ SMO)
ngaS

~ MO, MO _ MO, _ ¢cMO
Or’ ‘ugasz dxg ~AHf 2 AHf T(S 2 S )

H, S are T dependent Main T dependence is from S terms

Reduction is spontaneous, if #gz.gas < ‘UMOZ—MO,Solid

0 Note: AHy terms are at 298 K, 1 atm



Thermodynamics of solid solution phases

Or how to describe fluorite-CeO,?



Modeling G for simple A,_ B, binary

actual
G

_ Gend-members

— TS0

. Hexcess/dIO
— Glmodel

GorHor-TS (eV)

1 I 1 I 1 I 1 1
0 0.2 0.4 0.6 0.8 1
Regular solution model captures “most” X in A B
of the thermodynamics! 1-X X

[Gactual =(1—x)Gy+xGg +RT(xInx +1—xIn1—x) + Lox(1 — x)]+ Lix(1-=x)(1—-2x) 6




Modeling G for simple A, B, binary

o —— — C:\‘actual
,’/ — @end-members
> / — TS0
O / ___ , excess
CD // —_ Gmodel
=
5t
/
V </

Is there a general framework to capture excess interactions?

Non-binary systems? Or binary systems with multiple (oxidation state) species (CeO,)?

] ] ]
0 0.2 0.4 0.6 0.8 1

Regular solution model captures “most” X in A B
of the thermodynamics! 1-X X




“Sub-lattice” formalism:
Or how to describe off-stoichiometric compounds?
Example of fluorite-CeQ,; describe G(fluorite phase) = f(x,T)?

® O o ® O o
. . C 3+O
O, ¢ o .%C%’ \CB)O ¢ ¢ o Redused éeO
Stoichiometric CeO, $¥% -+ o O 2
® O o + y Not charge-neutral

Ce4+

1.5 <x<2in CeO,
“Phase” of interest
Given G, can estimate pu,

y/: site-fraction of
species i in sub-
lattice j

2 sub-lattices in fluorite (Ce, O) +
4 species (Ce*+,Ce3, O, Va) =
4 "end-members”

Va, o o o 34@ ‘%g% o o o Ce®+*Va,
Oxygen-deficient CeO, —+ ¥ n ® o Reduced, oxygen-deficient CeO,
Not charge-neutral ® O o(° gx 200 @ @ Not charge-neutral
NS L7 e o Spencer, Calphad 2008, 32, 1
o o o @ O @ Gautam, Stechel and Carter, to be submitted 8



Gibbs energy function (G¢.o, )

C e4+

Ggeox = y(;e4+3’0 GCe‘“‘ o0t yCe3+3’O GCe3+ ot yCe4+YVaGCe4+ va T yc33+YVaGCe3+ Va TSconfig + Gexcess

1 1 1 1

02 Ce3+02 Vag Ce3+Vag

End-member Gibbs energies

Sconflg _R[nCe (y ln yCe‘“‘ + yCe3+ In )’CC23+) + nO (yg In yg + yga In yga)]

Goxcess - €VErything not captured by end-member Gibbs energies and configurational entropy

Spencer, Calphad 2008, 32, 1; Gautam, Stechel and Carter, to be submitted 9




Gibbs energy function (G¢.o, )

Ce4+

F _ .. Ce 0 Ce 0 Ce 0 Ce 0
GCeox = YcettYo Geettp T Yce3tYo Gees+o + yCe4+YVaGCe4+:Va + yCe3+YVaGCe3+:Va - TSconfig + Gexcess

1 1 1 1

02 Ce3+02 Va2 Ce3+Vag

End-member Gibbs energies

How do we estimate end-member Gibbs energies? Excess terms?

Spencer, Calphad 2008, 32, 1; Gautam, Stechel and Carter, fo be submitted
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Reference states and reciprocal relations

F — ., Ce 0 Ce 0 Ce 0 Ce 0
GCer = Yce4+tYo Geet+.p T Yce3tYo Geesto T yCe4+3’VaGCe4+:Va + yCe3+3’VaGCe3+:Va - TSconfig + Gexcess

GCe4+:0

GCe‘“’:Va

GCe3+:O

GCe3+:Va

Gibbs energy experimentally known.

_ . . . _ F

= Stoichiometric CeO, = GCeOz Can be theoretically calculated.

=0Oxygen deficient CeO, Difficult to get energy. I?:efine reference state.
Not charge-neutral Geettya = Geeo, — Go,(9)

=Stoichiometric, reduced CeO,

Not charge-neutral Difficult to get energy.
Define reference state + reciprocal relation

=Reduced, oxygen deficient CeO,
Not charge-neutral

Ce,0O5 or CeO, 5: charge-neutral compound with hexagonal ground-state
« But ¢ for metastable fluorite-CeQO, 5 can be theoretically/experimentally estimated

Reference state: G¢op, . =

3

1 3 3 1 1
4_GC63+:0 + 2 GCe3+:Va + 2RT (Z lnz + Zlnz)

ReCipr0ca| relation: Gce4+:0 - Gce4-+:Va == Gce3+:0 - Gce3+:Va (Goz(g) = Goz(g))

4 variables and 4 equations

Actual values can be fit to experimental data (classic thermodynamic assessments) or
calculated using theory (this work)

Zinkevich et al., Solid State lonics 2006, 177, 989; Gautam, Stechel and Carter, fo be submitted 11




Excess terms

* Typically written as a Redlich-Kister! polynomial series, with as
few terms used as possible

F _ . Ce .Ce .0(yCe3tcett:0 Ce
* Goxcess(Ce0y) = Yce3+YVcet+Yo (LO + (yCe3"' -

ce3t cett:0 ce3t cett:va

c Ce . C C
Yeer+)L1 ) + Vces+Yoert Wa (Lo + (Vees+ —

3+ 4+, . . .
yElu LSS e 'V“) + --- (analogous binary interaction terms) +

(ternary interaction terms) + ...

» Excess terms contribute a polynomial dependence on
cognpos)ltlon (y) instead of a logarithmic dependence (like
entropy

« Excess terms ~enthalpic, although errors from non-ideal/non-
configurational entropy contributions are compensated

« Two excess terms used in the sub-lattice model fit to
experimental data for CeO,?

3+ 4+, 3+ o4+.
. 7€€°7Ce .O_LCe ,ce .Va=LO

0 — 0
3+ codt. 3+ co4t.
. i‘e e "0 _ Li‘e ,ce*"vVa _ L,

1. Redlich and A.T. Kister, J. Chem. Phys. 1962, 36, 2002 2. Zinkevich et al., Solid State lonics 2006, 177, 989 Gautam, Stechel and Carter, to be submitted



Excess terms

I
_Lo
—L0+L1

Excess H
S
(@)
\l
(@) ]
|
|

5 16 1.7 1.8 1.9 2
x in GeQO, x in CeO,

-0.125F . i . i . , . | . - -6
1.5 1.6 1.7 1.8 1.9 2 1

* TWO excess terms used in the sub-lattice model fit to experimental
data for CeO,?

3 3+ 4+,
. LCe tcett.0 LCe Cce*Tva _ LO

0 - 0
34+ 4+, 3+ 4+,
o Lge ,ce*":0 — L(i"e ,ce*":Va — Ll

* Physically, L, = stabilization of an isolated vacancy, L,= vacancy-
vacancy interactions

1. Redlich and A.T. Kister, J. Chem. Phys. 1962, 36, 2002 2. Zinkevich et al., Solid State lonics 2006, 177, 989 Gautam, Stechel and Carter, to be submitted 13



Excess terms

0

-0.05F -

-0.075 -

Excess H (eV)

S
—
|
|

-0.125F . | . I , , , | , . = . l . ! . 1 : | R
1.5 1.6 1.7 1.8 1.9 2 1.5 1.6 17 1.8 1.9 2
X in CeOX X in CeOX

. Two excess terms used in the sub-lattice model fit to experimental
data for CeO,?

3+ (~pdt. 3+ ;pdt.
o ge ,ce*:0 _ Lge ,ce*":Va _ Lo
. jce3tce*to _ LCe3+,Ce4+:Va .

1 ! - ™

Use Gena—members: Sconfig @Nd Gexcess, Obtained theoretically, to predict overall Ggeox

and us°"® as f(x,T)

1. Redlich and A.T. Kister, J. Chem. Phys. 1962, 36, 2002 2. Zinkevich et al., Solid State lonics 2006, 177, 989 Gautam, Stechel and Carter, to be submitted 1 4



Density functional theory calculations



SCAN+U calculations

Strongly constrained and appropriately normed (SCAN) functional is used to describe
electronic exchange-correlation within Density Functional Theory (DFT)
« SCAN satisfies 17 known constraints on the behavior of an exchange-correlation
functional
» Hubbard U correction of 2 eV added to Ce’s 4f orbitals
» To reduce self-interaction errors

-7 T I T | | | | | | |
| &4 i
- o
= of S0, 18 gL _
o >
> 1L
e 2 -
% -1 AlLO, . f__j
5 MgO o T ey el ]
S BeO S :
o -13F 15 -8 : 7]
S CaO © > Experimental
1 gl o: — Ce,0,/Ce0, | |
_15 L | N 1 N | 1 - | 1 c\II | | | ] -
-15 -13 -11 -9 -7 0 1 2 3 4 5 6
Experimental AH, (eV per O,) U (eV)

Sun et al., Phys. Rev. Lett. 2015, 7115, 036402; Anisimov et al., Phys. Rev. B 1991, 44, 943
Gautam and Carter, Phys. Rev. Mater. 2018, 2, 095401




How does theory describe CeO, ?



Ce-O: exp. vs. theory, 298 K
0 - | | |

OQ(OK)=O

-1+

2+

— 298 K, exp
— 0 K, theory

O, (1 atm)’

3.5GC602
— 0.5G¢¢€7012

Theory = Strongly
constrained and

4 appropriately
normed

1 (SCAN)'+U

4 calculations?

Ce (298K, 1atm)

|
«— 1.5

09203/0901 5

Exp: Zinkevich et al., Solid State lonics 2006, 777, 989

|
1.71
X in CeOX

Ce7O12

2 —p

CeOQ

1. Sun et al., Phys. Rev. Lett. 2015, 775, 036402
2. Gautam, and Carter, Phys. Rev. Mater. 2018, 2, 095401
Gautam, Stechel and Carter, fo be submitted 18



Ce O exp vs. theory, 1673 K (TR)

EI O, (0K)=0
_1'_ — 1673 K, exp | )
- |— 1673 K, theory : _
ol t O, (1 atm)
_ = Fair agreement
= -3F -1 CeO, off-
Qo [ J» stoichiometric
O _ 4 : | phase
=) :
. [ No vibrational
[ entropy added
5| : _
| S13
-6 o] {e)) —
L 1—:1— i Ce (298K, 1atm)
_7 1 I 1 I 1 [I 1
3— 1.5 1.75 2
. (0.0)
Ce,04Ce0,; X IN CeO, CeO,
Ce;012 Theory=SCAN+U

Exp: Zinkevich et al., Solid State lonics 2006, 777, 989 Gautam, Stechel and Carter, to be submitted 19



Ce O exp vs. theory, 873 K (WS)

_1-_ — 873 K, exp 10, (1 atm)
- [— 873K, theory \)
-2 — 1, Excellent
g : 02 (szo/pH2=9) / ] agreement
o [ \ -
g = I -
-4 . :
- |
5} | -
0|0
-0 SIS -
i 1—':1—' | Ce (298K, 1atm)
7 , | , | , | ,
B— 1.5 1.75 2 -
Ce,0,/Ce0,5 X IN GeO CeO,
Ce;O12 Theory=SCAN+U

Exp: Zinkevich et al., Solid State lonics 2006, 777, 989 Gautam, Stechel and Carter, to be submitted 20



X in CeQ,, exp. vs theory

o _‘I " ‘ _&_\ — o] | ' | ]
I ‘ ‘\‘\‘\‘_
1.95F \ ~
- O i
1.9 - \\ ~
o 1 85 B \\\ O ]
% 1.8 AN B
O 1750 RN -

f : STC relevant RN -
v 1.7 - ? S0 m
1 65 . H 1 0 Pa . di | \\b\ —

0__010-12 I:)a»notlmme lately ~ .
1.6_— . EXp STC relevant O\\\'_
155\-| & Theory %
1.5

| 1 | 1 | 1 | 1 | 1 |
800 1000 1200 1400 1600 1800
Temperature (K)

Exp: Zinkevich et al., Solid State lonics 2006, 177, 989 Gautam, Stechel and Carter, to be submitted 24



Extension of theoretical sub-lattice
mcgdel to Zr-doped CeO,; 1673 K (TR)

— 0% Zr
na -=10% Zr
] =+ 20% Zr
. 30% Zr -
—~ Increasing off-
= ol stoichiometry with
3 increasing Zr-
| content —in
:3? agreement with
3| experimental
i observations
iR R T No experimental
model for Ce-Zr-QO!
4} -
I : I : I : I : I
1.8 1.85 1.9 1.95 2

X N Zr |
(Ce ) )OX SCAN+U calculations
Gautam, Stechel and Carter, to be submitted

Exp. observations: Le Gal and Abanades, J. Phys. Chem. C 2012, 716, 13516; Hao et al., Chem. Mater. 2014, 26, 6073



Summary and
outlook S

* Need better materials for STC-water splitting °
- Durability, Capacity and Stability @

» CeO,, oxide spinels, and oxide perovskites have been studied as candidates
» Opportunity to test theoretical models
« Understand unique features of these materials to predict new candidates

 Testing theoretical frameworks: DFT-based sub-lattice formalism indicates
promise!

« Sub-lattice models are conventionally used to build phase diagrams based on experimental
data (such as CALPHAD-style modeling)

» Predictions on CeO,, and Zr-doped CeO, are reasonable
* Need to generalize for systems with higher (quaternary/quinary) components

» Screening materials: need a descriptor
« In progress: sub-lattice formalism can be used to predict redox capacities of candidates

23
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