ORR/OER reaction pathways

Stoichiometric
- Non-equivalent Fe
- Mo

Non-Stoichiometric
- C)Vac
- Adjacent Mo, Fe

~ (H*+e) 15 different pathways

(H+e?) -




SFMO/KSFMO surface slab
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SFMO/KSFMO overpotent
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KSFMO key features
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J. Suntivich, H.A. Gasteiger, N. Yabuuchi, H. Nakanishi, J.B. Goodenough, Y. Shao-Horn, Nat. Chem. 2011, 3, 546

S6 K6 dp.0) =1.60A S6’ dpo) =1.61A
N Uop-0) = 164° U040y = 169°
= =0...
[+ ) Q _
Q

| ] | ]
I o 1 I o 1

a,=7.87 A a,=7.92 A

e Stabilization of key reaction intermediate allows for convenient OER
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PC-SOFC/EC: conclusions e H, H,0

Source

Electrolyzer - Fuel
Tji Cell Cell

TCO features of A-doped SFMO explored with first-principles calculations

» KSFMO presents the lowest DE;, .V,
=  Only KSFMO is likely to be a good e conductor upon hydration Ana B. Mufioz-Garcia
& M. Pavone

= KSFMO migration barriers are as low as those of BaCeOj, Chem. e mo0 (2016
(no concerted rotation) em. Mater. 28, 490 (2016)

Catalytic capabilities for OER/ORR explored using the TSHE
Ana B. Mufioz-Garcia = Peculiar surface reconstruction of Mo-V,-Fe
& M. Pavone = Electronic structure of highly uncoordinated Fe

J. Mater. Chem. A. 5, 12735 (2017) is good for ORR in KSFMO
= OOH stabilization thanks to MoO, is good for OER in KSFMO

KSFMO proposed as bifunctional electrode for PC-SOFC/ECs



CASE 3: DFT-based calculations to investigate the
surface reactivity of transition emtal oxides

= Z2rO, and Fe-doped ZrO, for ORR in PEMs
Collaboration with TUM: Madkikar, Menga, Harzer,
Mittermeier, Siebel, Wagner, Merz, Schuppler, Nagel,
Munoz-Garcia, Pavone, Gasteiger, Piana

= CuFeO, delafossite for CO, photoconversion to fuels

Defective ... but effective!



Fe-doped ZrO, as ORR catalysts in PEMFCs

=  Communication in J. Electrochem Soc (2017) I
= Enhanced ORR activity with Fe-doped ZrO, catalysts wrt single components
(Fe:Zr ratio 0.02-0.08, particle size < 10 nm)

= Open questions: = Joint experimental and theoretical effort:
= Nature of Fe Coordination u XPS, NEXAFS and 57Fe MBSSbauer
= Understanding of active sites Spectroscopy

= Catalyst performance in PEMFC? * Activity of carbon-supported catalysts:
RRDE & single-cell PEMFC

&
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Structural models and computational details

---------------------------------

............................
-----

= ZrO, tetragonal

= (011) surface [l

= 48 f.u. (144 atoms)

* Fe, > ~2%"°T ~6%°YRF (at.)

Pristine vs Fe-doped ZrO,

DFT-PBE+U — PBC
U-J (Zr d, Fe d) = 4.0 eV [2:3]
PW-E_,= 800 eV

3x3x1 I k-points mesh
PCETs : TSHE

WCH" )+ () = ()

= Vg formation energy

= O, adsoprtion = active sites

= OOH formation (15t PCET)

= H,O vs H,0, formation (24 PCET)

imulation



Fe oxidation state, surface patterns & V,

PDOS (arb. units)

=Y

N

N
T

-
T

A N
e
A
3 B B 4 _T_ _T_
E-E-(eV)
Pure ZrO,

* Fe likely to be in the surface
E(FeS)-E(FeSS) = - 2.4 eV

* In agreement with experiments, our
calculations predict Fe3* (d° HS)

* u=4.17 pg
* Fully occupied a states
* Empty p states

Fe-doped ZrO,

Zr-rich region in Fe:ZrO,
(far from Fe)

0.54 (up)
0.74 (down)

Why??
DELOCALIZATION




Active sites for O, adsoprtion *all E in eV

Pure ZrO, Fe-doped ZrO,
+0.60
+2.21 +2.81

* O, ads in pure ZrO,
* Weak - onZr
* Strong - on up Vg (but low [V,] and
overall non favored process)
* O, ads in Fe-doped ZrO,
* Not on Fe
* Favorable on up Fe-Vy-Zr +0.10 -0.51 2.55

* Likely on up Zr-V4-Zr +0.10 +0.03 +3.29

Zr-rich region in Fe:ZrO,
On Zr Vo (up) Vo (down)




Active sites for O, adsoprtion

Pure ZrO, Fe-doped ZrO,

Negligible Surface>0,
charge transfer

Significant Surface>0,
charge transfer (~1.40 e)




Product formation & selectivity

Pure ZrO,

Fe-doped ZrO,

Stable Zr-bound OOH

*OOH+H" +e" —*+H,O0,
*OOH +H" +e¢” = *0+H,0

AE (2PCET) (eV) H,0, H,O
Zro2 -0.558 0.271
Fe-Vo-Zr (1) 1.227 -1.321
Fe-V,-Zr (2) - -1.355
Zr-V,-2r -0.444 -0.994

Stable OOH



CuFeO, for solar fuel production

Acqueous media

-1.50 Product Half-cell reaction E° vs NHE (V)
-1.00 |-
wl . N HCOOH CO, + 2 H* + 2 e — HCOOH -0.58
oco |- LT g s co CO,+2H*+2e — CO +H,0 -0.51
oso . of e T H,CO €O, +4H*+4e — H,CO +H,0 -0.48
oo | sz-:],__ o NI CH,OH CO,+6 H* + 6 & — CH;OH + H,0 -0.39
o o 0. CH, CO,+8H*+8e — CH, + 2H,0 -0.24
T H, 2H,0 +2e —H, + 2 OH -0.41

- Low efficiencies (chained losses) * Poor seI.eE:tlwt)(

- High Overpotentials * Competition with HER

* High PCET kinetically hindered

* Poor stability

CuFeO,
= E;=1.52eV
= p-doped > IPCE 14%, HCOOH production [ _ 0, 1 HeooH
= CuFeO,/CuO tuned to HCOOH/acetate cou1co

= CO, activation on CuFeO, surface? o \coz'CHaOH
= Reaction Mechanism? ’ Oy CH,

= It is possible to go beyond HCOOH?

Potential vs SHE (V)

[11J. Gu, et al., J. Phys. Chem. C, 117, 12415 (2013) [2] X. Yang et al., ACS Catal., 7, 177 (2017)



Onset Potentials
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PDS

6PCET

0.30
2nd PCET

0.22
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4PCET

H,CO

UONSET

PDS

CH,OH
(via *CO)

0.96

4th PCET

CH,OH
(via *OCH,0)

UONSET

PDS

0.48
5th PCET

2.99
4t PCET



Routes for methanol production

5

Relative AG (eV)

4b
5b
4a (+ H,0)
ww 0=0 , H,0 I \
| \
\ YA [ \
| \
| \
2b " | \
/ \
| \
2¢C {(+ H,0) 3b+ Hzojl 4b’ \
/ \
) | \ 5p’ %
o N 1b ¢ | POtHO | —
R0 S AW /\\ ‘
\ / 2 /
—_— 3a /
1a \ /
*OCH, 5a

OH" +e)1(H" +e)2(H" +e)3(H" + e)4(H" +e)5(H" + e)6(H" + &)

Enhance CO route by stabilizing 1° PCET on O (1b)
For 1st PCET on C route find the way to stabilize adsorbed H,CO (4a)




Electrocatalysis: conclusions & perspectives

* DFT picture compatible with experimental outcomes
* Fe,, in ZrO, is Fe3* (HS)
* Fe induces V4 in ZrO,
* Different nature of active sites for ORR ORR on
* ZrO, = surface Zr Fe-doped ZrO,
* Fe:ZrO, < Fe-VoZr and Zr-V5-Zr
* Product selectivity explained
* 1t PCET make (mainly) stable OOH species in both materials
* 2nd PCET forms H,O, on ZrO, and H,O (with some H,0, ) in Fe:ZrO,

* Surface oxygen vacancies needed to activate CO,
* In agreement with experiments, our calculations
predict that HCOOH is the main CO,RR product

* Lowest Ugnget
* HCOOH desorption
* Promising features to get to methanol:

* CO stable on CuFeO,
* Low Ugnser

CO, reduction
on CuFeO,



Density Functional Embedding Theory

Problem: To treat a localized feature (e.g. impurity,
vacancy, etc.) embedded in an infinite background.

cluster

Challenge: Need explicit treatment of electron correlation,

Strategy: Model as a finite cluster in a QM-based effective
extended crystal potential v,,,.

Partition of the total system into a cluster region (/)
and background/environment (//)

l Etot [IOtot] = Ecluster[pcluster] + Eenv [IOenv] + Eint [Iocluster s IOenv]
OF,
I/emb [IOcluster 2 IOenv] = 5 t
IOcluster
+ UemblPetusterPeny] e Accurate QM for cluster region (e.g., CASPT2, MRSDCI)

e Embedding potential: low level QM method, e.g. DFT

C. Huang, M. Pavone, E. A. Carter J. Chem. Phys. 2011, 134, 154110



beyond DFT =>
oxygen reduction on Al(111)

* abenchmark case: O, approaching an ideal Al (111) surface =>
discrepancy between experiment and theory.

e experiments consistently suggest the existence of an energy barrier
preventing low-energy sticking.

e conventional KS-DFT shows no such barrier.

We employed a density-fuctional embedding theory

e Al(111) surface slab described with LDA (VASP)

e 0, and O,-Al, clusters with CASPT2 (MOLCAS)




0, on Al(111)

Cluster models

Surface slab model (PBC) top

parallel perpendicular

oo x LO—O
Lo,
025%25%55%5%5%° hcp
Q0000000000
/)/
oo ‘
bridge

g M1
%
&
o

F. Libish, C. Huang, P. Liao, M. Pavone, E. A. Carter Phys. Rev. Lett. 2012 109, 198303



0, on Al(111)

DFT fee L Embedded CW
5 . . I - —5 5w . - 5
4 At 14
=<
o 3 3t 3
<
- ) 4
2 2} 7 — 2
>
=5 16 20 22+ Y12 16 20 21!
Lo_o[A] Lo_o[A]
barrier-less adsorption barrier => consistent with exp

F. Libish, C. Huang, P. Liao, M. Pavone, E. A. Carter Phys. Rev. Lett. 2012 109, 198303



0, on Al(111)

Embedded CW bridge ||

5 : No. of atoms
( 16 Site Istlayer ~ 2ndlayer  Orientation ~ E™™ * § (meV) L3S (A)
bridec 8 6 [ 560 = 10 2.4
4 4 e 8 6 1 450 = 30 27
f 6 6 | 430 = 20 24
= e 6 6 1 360 = 10 29
= ) 6 6 I 410 + 10 25
o 3 3 hep 6 6 1 410 = 20 29
:)': t 7 3 I 660 = 20 2.6
9 °p 7 3 1 660 = 20 28
9 9 experiment =< 600
”””” / chargele]-1.5 -1 -05 0 0.5 1
1.25 1.75 2.29 2.1 :
: i 0 1 2 Spm[g]
o-o[4] 5 5 r——
— —_ O,
= = spin / 2
e ECW predicts correct barrier heights C:; 3] c|5“ 3]
e Analysis shows the originis a CT j 5
1 1

1.2 Lo_o[A]

F. Libish, C. Huang, P. Liao, M. Pavone, E. A. Carter Phys. Rev. Lett. 2012 109, 198303




Density Functional Embedding Theory (DFET)
for molecular and extended covalent systems

e So far ECW have only be applied for systems with well defined partitions
e There are problems for covalent systems and dangling chemical bonds

dehydrogenation energies (eV)

ONIOM Embed
. (PBEO:LDA) | (PBEO:LDA) HEED
(a)

3.42 3.50 3.55
(b) 5.05 5.05 5.05
(c) 4.79 4.65 4.71
(d) 5.30 5.00 4.98

C. Huang, A. B. Munoz-Garcia, M. Pavone J. Chem. Phys. 145, 244103, 2016



Density Functional Embedding Theory (DFET)
for molecular and extended covalent systems

electron densities for the graphene partitions
Co (S=3/2) adsorption energy (eV)

ONIOM Embed
(PBE+U:PBE) | (PBE+U:PBE) | TOE+Y

2.88 2.37 2.38

3_
o5
2_
s
T 15}
>
)
e 1r
L
05}
0_
05% benchmark —$— |
' embedding
1 1 1 1 1 ON|OM 1
50 05 T 15 2 25 3 35

Magnetic moment (ug)

countor plot of the local embedding potential binding energy vs Co W,

C. Huang, A. B. Munoz-Garcia, M. Pavone J. Chem. Phys. 145, 244103, 2016



DFT-based embedding: conclusions and perspectives

* DFET allows for multi-scale ab initio calculations of complex systems,
focusing the computational efforts for post-HF level of theory on a limited
portion of the total system

* An effective scheme can be exploited to study covalent extended systems as
for example graphene, carbon nanotube

* DFET study of complex molecular systems where long range electronic
polarization effects are not described by ONIOM or QM/MM

* DFET for spectroscopic properties: solid state NMR
* DFET for molecular dynamics
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