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Introducing the subject: CO, sequestration in the U.S.

Carbon Sequestration Projects — National Map
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CO, capture in SNL

Sandiz . . .
@i,  Carbon Capture Research at Sandia National Laboratories

Sandia carbon capture research targets reuse (3 year Sandia Grand Challenge LDRD) and the fundamental and
applied aspects of carbon capture for sequestration (funding

sources are in parentheses): » Tﬁ"ﬁ";‘?

o Weathering/mineralization (3 year ARPA-E with I s O *
Columbia University) Accelerating silicate weathering to A G‘% ﬁ) 526, = s:«--gas
store CO; as a mineral, = '5 :’ ; g‘U :md 50 |

e Switchable polymers (3 year Sandia LDRD) Designing g | WaterGas shif

pH-shift polymer enzyme pairs to capture CO,. Confact:
Bruce Bunker.

e Metal-CO; adduct formation (1 year Sandia LDRD), Figure 1. Sunshine to Petrol CO; reuse strategy.
Exploring the potential ability of metals to coordinate and R S
polymerize CO;. and

¢ Thermal diffusion (1 year Sandia LDRD) Developed the theoretical and design basis for thermal
separation of CO; from flue gas.

e Clay separation (1 year Sandia LDRD) Developed theoretical explanation for CO, capture by clay
minerals. Contact: Randy T. Cygan.



Introducing me (worked on too many things, but it comes together)
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Lattice Model for Metal Ammonia Solutions

Kewvin Leung and Félix S. Csajka

Department of Chemistry, University of California at Berkeley, Berkelev, California 94720
(Recerved 17 December 1996)
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Battery modeling: electrolyte decomposition (SEI)

Sacrificial passivation of electrode: electron transfer involved

11/12 EC at
the interface
decomposes
into OC,H,0*
+ CO, not
C,H, + CO;*
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Li metal SEI “film” Intact EC SEIl “film” Li metal

Using ab initio molecular dynamics (AIMD)



Recycling CO, into transportation fuel

=l BNL's Helios program, S2P at Sandia .....
=CO + H, = syn gas, precursor to other hydrocarbons

=Cobalt porphyrin-based catalyst for CO, -> CO promising for
photo/electrochemical reduction [ruruya & Matsui, J. Electroanal. Chem. (1989)]
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crosssoction of the reaction layer,

Shibata & Furuya, Electrochim.

Acta 48:3953 (2003) Sonoyama, Kirii, Sakata,

Electrochem. Comm. 213 (1999)

»Arakawa et al., Chem. Rev. (2001); Fujita et al. (series of ~15 papers)

=sHere, first focus on mechanism of electrochemical reduction



Shelnutt’'s group’s experimental work

ColTPP CO, Elecrodes

2 Eflect of LoadingElectolyte
pH > 7 promotes 4 Indeed, -0.8 volt sufficient to
CO, dissolution 40 release CO even at high pH
. 2l
In water, enhance o] [Fomtotum Lostngo s narco
CO over HCOOH - ] [otow Lowdingo.sM NakCOy ;
Figure 5  Schematic of ASTRIS _-g 25 [—&—High Loading{1.0M KOH) fc".
Quickeell. taken from product b= —=— Low Loading{1.0M KOH) /
litel‘amrg IAeris. Inc.. EJTSG D}mwin ?']__ / _ -
E:L ll}gssmsallg& Ontario, Canada 1__|__ /
iy b /Zy‘g
E° [Volts ws. NHE) R
pHO pif pH# -0.0 04  -08 12 1.6
DIEF |~ AglAgCl KCI (sat'd) 0187|0497
188 |- ©CO,_ +8H+8e —» CH_+2HO |04 |06s E (volt) vs. NHE
s0030 [~ ©0,_ +6H +Be—» CHOH,, +HO |03 |a7ms Co(l)P/Co(ll)P
0 1 2H+2e —»H, 441 o2 catalyst -0.8 to -0.6 V (NHE)
A071 - GO+ +de 5 HOHO,, +H,0 | 045 089 only small overpotential
0103 = | CO;igi+2He 4T CO:HO  |052 |09 for this reaction
0108 [~ CO, +2H + 2 —» HCOOOH,, ag |-1o2
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Proposed mechanism, key questions

this multistep, 2-electron reduction reaction in liquid water likely involves:

+ C02 COP'C02 + H+
CoP CoP-COOH
\ / OH-
-CO
CoP-CO

- : + “_ -7 ?
how is H* added to “-COO™ at pH > 7~ sls mechanism viable?

=when are the 2 electrons added? (i.e., all steps exothermic?)
*Which is the rate determining step? mactivation barrier consistent
(or: how do we improve catalyst?) with “fast” CO release?

use electronic structure method to answer these question

LABORATORY DIRECTED RESEARCH & DEVELOPMENT



Theoretical methods for this work, in brief

AIMD/DFT+U Quantum chemistry/B3LYP

ndielectric solvation
=/iquid water structure, hydrogen «B3LYP/solvation

bond fluctuations, ion hydration

myields redox potential
=rigorous free energy predictions y *P |

via potential of mean force W(R) "New results: MO6,
explicit water



Gaussian-based Theoretical methods in more detalil

*Gaussian suite of codes, B3LYP, other functionals as tests,

*6-31+G™* for geometries, up to 6-311++G(2d,2p) for energies

*PCM dielectric continuum for solvation, ZPE; Nno explicit H,O

*This tells us what species (charge states) are important

LABORATORY DIRECTED RESEARCH & DEVELOPMENT



Redox potential from quantum chemistry calculations

Charge Spin

Col* (doublat) 0.9 1.15
CoP {quartal) R
CoP|™ (triplet) Lov 191
[CoP|* (singlet) .01 1.16
[CoP]~ (singlet) .07 0.0
Col*|™ (triplet) 016 233
CoP-C0O)| = (gmglet) (.87 (.00
CoP-CO|* (triplet) B8R 080
CoP-C00] (singhet ) 033 0.00
CoP-C'00] (uriplet) —1.46 231
[CoP-COOH] (singlet) 0,80 0,00
CoP-COOH] (triplat) 0e1 235
Col-COOH]~ (doublet) 0,309 0,00
CoP-COOH|~ {quartet) .10 278

* Computed from the BALYT wave unction wsing a 6-31G* basis (6-31+C
for anions), For each species, the ground state s listesd first, ® This is &

transition state (amd is an open-shell singlet with with {..,-:- =/1.06])
Table 2: Contributions (keal mol™") to the total binding energy®, AGES,

for [CoP-CO|™ in the aqueous phase and in CHyClo.

BILYP PBE BPS6&

HaO CHaCls CH3Cla CHaCly
AFL 1017 1017 2918 2740
A ZPVES -239 239 255 2557
AGEE 10.79  —10.79 —10.61 10.617
AGE —-3.83 447 160 — 2.9
Standard state conversion/ +1.89 +1.89 +1.89 + 1.80
AGHE IS 195 549  16.22 13.91

% Using a 1 M reference state both in solution and in the gas phase.
b 6-311++G(2d.2p) value at 0 K in the gas phase.

£ 6-31G* value in the gas phase,
¢ Computed as AGE'> — AGY
* 6-311++G(2d 2p) valu

i,

£
ue computed in HaO or CHaCls.
I Conversion from 1 atm to 1 M standard state in the gas phase.
8 Using the PBE value.

v 1: Mulliken charges and atomic spin densities on the Co atom®

CoPCOOH- : H-bond to N atom

Table 3: Reaction energies (keal mol™') for proposed steps in the reduction of COy by cobalt parphyring
reduction potentials (eV) given in parentheses. After each porphyrin species the spin multiplicity is given
in parentheses, with 1=singlet, 2=doublet, etc.®

Eq AGET AE] AT AE]
B3LYP B3LYP BP&6
(2) (1) + CO3 — [CoP—CO4l-(1) 7.63 (.38 —-1.70
(3) [CoP-CO4|~(1) + HY — CoP-COOH(1) —10.39 -327.7 —322.42
(4) CoP-COOH(1) + e~ — |[CoP-COOH|~(2) .30  -30.32 9.92
(1.17)
(5) [CoP-COOH]~(2) + HT — CoP(2) + CO + Hy0 18.69 -—338.88 f
(6) [CoP-COOH|~(2) + HY — CoP(2) + HCOOH 56.17 352.06 058
(7) CoP-COOH(1) + HY — |CoP-CO|*(1) + HaO 510 -211.19 -21801
(8) [CoP-CO|*(1) + & — CoP(2) + CO —129.00 —14801 —11948
(—1.16)
(9) + [CoP]™(1) -63.02 -24.73 -43.46 15.48
(1.71)
(10) + [CoP]T(3) + CO 5.19 11.74 3018 RTT

redox potentials vs NHE: B3LYP
[Co(0)P]/[Co(D)P]
[Co(1)P]/Co(I)P :
Co(lIl)PCOOH-/Co(ll)PCOOH: -1.2 volt
Co(I)PCOOH?/Co(I)PCOOH-:-2.0 volt
Co(I)PCO,%/Co(I)PCO,:

-2.1 volt
-1.7 volt

-1.7 volt




Hydrogen bonding in water stabilizes some
products (AIMD snapshots)

+ H*

CoPCOOH

Co(I)PCO,2 Co(l)PCOOH-



Proposed mechanism (including e°)

+ e-
[Co(I)P-CO,] - [Co(I)P-CO,]*
+ H*

+CO,
/ e, CO, almost \

Co()PT simultaneous?
[Co(1)P] pcoon

o /

- OH-
“fast” [Co(1)P-COJ <— Co(ll)P-CO
+ e-
rate govern_ed by these reactions strongly
electrode (engineering) depends on catalyst

next use AIMD to interrogate 3 key details of [CoP-COOH]- reactions




AIMD Theoretical methods in more detalil

ab initio molecular dynamics (AIMD): “chemical reactions in real time”

*based on DFT, VASP code, PBE functional, T=425 K

DFT+U treatment of Co ion, U=2.5 eV

*Umbrella sampling technique

*(13.6 A)3, 71 H,0O, BO dynamics, 0.25 fs time step, 10 eV convergence ...

LABORATORY DIRECTED RESEARCH & DEVELOPMENT



DFT accuracy: calibration with experiments

=Co(lll)P + CO -> [Co(lI)P-COJ* (in CH,CL):

Expt: AG = -5.9 kcal/mol s Kadish, inorg. Chem. 28:3743 (1989)]

PBE: AG =-16.2 kcal/mol

B3LYP: AG = +5.2 kcal/mol

popular functionals: O(1) eV errors for 3-d metal complexes/oxides
Calibrate VASP/DFT+U: U = 2.5 eV, AG ~ -5.9 (see later)

Other semi-local DFT methods for 3-d metal ions

*Self consistent DFT+U *New functionals
[Cococcioni & de Gironcoli, PRB 71:035105 (2005)] [Zhao & Truhlar, JCP 125:194101 (2006)]
*Quasi-self-interaction corrections *Gutzwiller DFT ("DFT+G”)

[Stengel & Spaldin, PRB 77:155106 (2007)] [Wang, Dai, Fang, PRL 101:066403 (2008)]



Co()P-CO, binding (free) energy, gas vs aqueous

(New, unpublished)

gas phase binding energy at
T=0 K: 0.12 eV (2.7 kcal/mol)
-- unbound if entropy added

AG (kcal/mol)

aqueous state AIMD: stronger binding

i
o0

-10

-12

_I | 1T | I 1T T | T T T | T T | T 1 | 17 | T I_
i X :
AT S g Y ; d o ¢

-~ f‘ Ante U \'B,

g, T i

~ <o = B =igr

= \ I : r’%ﬁ .VJ}

- (Co-CO, separation)

_I | I - | 11 | | 11 1 | 11 1 | | | 11 | | | I_
18 2 22 24 26 28 3

R (A)

Co(lI)P-CO, stable in water; formation of complex is barrierless




AIMD: acidity of [CoPCOOH]-(aq)

new 4-atom reaction coordinates [Leung, Nielsen,Criscenti (2009)]

[COPCOOH] -> [CoPCO,J2 + H*

AG -AG,, .~ 7 kcal/mol; pK, ~ 9

water

*"[CoPCOOH] not very acidic
(unlike CoPCOOH or HCOOH)

sreaction should proceed at pH >7

W(R) (kcal/mol)

-12

14

O O
Co-CO% H*<— —Co0-CO-H-

:— | I T T I I I | T T T T ] I I I I [_E
3 CoP-COOH-
deprotonation ;
water
— autoionization, e
pK,=14
é_ | | | | 1 | 1 1 | | L 1 1 1 I 1 | | | l_é
-1.5 -1 -0.5 0 0.5

R (A)



[CoPCOOH] (aq) deprotonation reaction coordinate

=new reaction coordinates
[Leung, Nielsen,Criscenti (2009)]
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AIMD: C-OH bond breaking barrier in water

[-C-OH]T = — -C+ OH-

10 ;_l To W | I | A R | | | i | | T T T 1 | T T 1 I_;

9F
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= SF e C-O bond
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2k 3

0 i_1 | | | I I I | | fo 4 g | L 4 B | | | I | |_§

NHF mat 15 2 25 3 35
NH* motif R (A) CoP-CO + OH-



C-OH cleavage barrier

[CoPCOOH] -> [CoPCO] + OH- AG* ~ 5.2 kcal/mol
CO;zH -> CO, + OH" [Leung, Nielsen, Kurtz JPCB (2007)]  AG* ~ 18.5 kcal/mol

<
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o) (keal/mol)
= wn O 9 = O
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Insight about reaction mechanism

+ e-
[Co()P-CO,}] ~ ——> [Co(l)P-CO,J>
+CO, wH

" AN

[Co(hPT [Co(I1)P-COOHJ

=[Co(1)P-CO,]* may exist at Co(l)P/Co(ll)P voltage
=Role of protic solvent critical
=pK, of Co(ll)P-COOH- suitable

»C-OH- cleavage barrier reasonable

Co(Il)P-CO - OH



Revisit redox potential with MOG6 calculations

[Co(1)P]/Co(Il)P 1.7V (expt: 0.9V) -1.6
[Co(0)P]/[Co(I)PT 21V 1.8
Co(Il)PCOOH-/Co(I)PCOOH 1.2V NA
Co(Il)PCOOH2/Co(Il)PCOOH- 2.0V NA
Co(I)PCO,2/Co(1)PCO, A7V 1.8
Co(l)PCO,/Co(1)PCO, 1.2V 1.1

MO06: 6-311+G(d,p)/6-31+G* with “smd” dielectric

Not much improvement — need less % exchange in DFT functional

New slide — redox potential in liquid
Everything is faster



Conclusions and Outlook

*now understand why reaction works at pH ~ 9
*Co catalyzed C-OH cleavage barrier in CoPCOOH:- is reasonable

"CoPCOOH" is likely the key intermediate

»electron transfer rate not yet calculated — could be rate-determining!

"more accurate electronic structure methods need to be found



Challenges of modeling photo/electrochemistry

Leung, Medforth J. Chem. Phys.(2007)

excited state
properties

Leung, Rempe, Schultz, ... Medforth, Aght collecting

JACS (2006), using DFT+U

Electrode-electrolyte interface

Co(l)P-CO, + 20H- -> Co(lll)P-CO + H,0

hv

(oxide?)

E

|

B3LYP and PBE both inaccurate for

Mn(IIT)P-NO complex

bond-breaking:
DFT accuracy

water

constant voltage
calculation

electron transfer
rate (Marcus theory)

electronic structure calculations, especially those with

explicit solvent difficult to run in “constant voltage” mode




Use AIMD to calculate redox potentials

® = AG,4 + (ionization potential differences)
THE JOURNAL OF CHEMICAL PHYSICS 130, 204507 (20009)

Ab initio molecular dynamics calculations of ion hydration free energies

Kevin Leung.jfa” Susan B. Fhe-rn;:ua.2 and O. Anatole von Lilienfeld®

.-1 "
dH(\)
:lGh d= dh
! d\
0 A

Ion Nt Prcater Quadrature AGhy
cr- 32 1.00 2-pt ~79.0
Ton Nogater Pruater Quadrature AG Cr- 32 1.00 6-pt —76.6
cr- 32* 1.00 6-pt —69.3
Li* 32 1.00 2-pt —128.6 Cl- 32 SPC/E 1.00 2-pt —-71.0
Li* 32 1.00 6-pt —128.3 cl- 256 SPC/E 1.00 2-pt —67.7
Li* 64 1.00 2-pt —126.7 5 Expt.” 1.00 NA —81.2
L 32 0.97 2-pt —126.7 cr Expt.*’ 1.00 NA —65.3
L1t 32 0.97 6-pt —127.2 ar Expt.” 1.00 NA —726
Li* SPC/E 1.00 6-pt —134.9 cl Expt.™ 1.00 NA —69.7
Li* Expt.” 1.00 NA —113.5 Lit/CI- 32 1.00 6-pt ~197.6
Li* Expt.*’ 1.00 NA —137.0 Li*/CI SPC/E 1.00 2-pt —202.6
Li* Expt.” 1.00 NA —126.5 Li*/CI- Expt.® 1.00 NA ~202.3

Li* Expt.™! 1.00 NA —133.2 Li*/Cl- Expt.” 1.00 NA ~202.9




Computation electrochemistry in our case

Co(l)P-CO, + 20H- -> Co(lll)P-CO + H,0

bond-breaking:
DFT accuracy

e reservoir

“constant voltage” modeling
calculation aqueo_us
media

»Experimental electrochemistry: 200+ years

»Computational electrochemistry: very hot topic



Calculating the redox state (determined by system)

(can only add electrons to simulation cell, not put electron on Co)

*Need to know redox state reliably
*Heather’s d-orbital Hartree matrix

*Experimental: Co(ll)TPP -> Co(I)TPP -> Co(1)[TPP-], same for OEP?
*PBE mistake in macrocycle orbital levels (blue boxes)? check with B3LYP!

[CoP]*

[CoP]

[CoP]

[CoPCOJ*

[CoPCO]

[CoPCOJ

[CoPCOOH]

[COPCOOH]

[COPCOOH]>

[CoPCOOH] (aq)

[CoPCOOH] (aq)

[CoPCOOH]* (aq)
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