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Gas-to-Liquids

Process

Gasification
CH,+7%20,->CO+2H,

Fischer-Tropsch synthesis

Air separation, product upgrading

From Natural Gas to Liquid Energy
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Qatar: 14% of known gas reserves
~50,000 US$/capita from oil and gas

Shell Pearl: 250,000 bbl/day



Shale Gas - a Game Changer

Schematic geology Of natural gas resources Over the last decade, U.S. shale gas [‘l'(‘\lli(l]\‘ll has increased 12-fold and
now comprises about 25 percent of total U.S. production
annual shale gas production
trillion cubic feet
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Lower Cost Ethane Prompts Shift in

mmrecsox  F@EAStock Usage
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Outline
Cobalt catalysts

High activity, selectivity, low CO, production
Structure, coverage, active sites, mechanism?

CO coverage on Co and Pt

revPBE-VdW accurately describes CO on TM.
Phase transitions and changes in site preference

Effect of high CO coverage on kinetics
Accounting for coverage brings predicted
kinetic parameters close to experiment

Dramatic surface reconstruction

Nature of experimentally observed islands/new sites
Origin of stability/formation

Modeling-guided Design: Stability
Co FT catalysts gradually deactivate
Modeling-guided design of a promoter
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High CO coverages on Co

Surface Science (LEED) SSITKA studies on
supported Co catalysts
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1.2L CO, 100 K 2.2 L CO, 100 K Cobalt particle size (nm)

1/3 ML CO 7/12 ML CO 1.85 bar, 500 K

2 configurations observed under UHV conditions
SSITKA measures ~0.5 ML CO coverage on particles

Bridge, Comrie, Lambert, Surf. Sci. 1997; Papp, Surf. Sci. 1983;
Beitel et al., JPC 1996, JPCB 1997; den Breejen et al., JACS 2009



Increasing coverage to 1/3 ML

revPBE-vdW
Experimental

Pt-1/9
-143
-142

Co-1/9

(150

Pt-1/3 Co-1/3

139 @

revPBE-vdW - accurate adsorption enthalpies
1/9 ML 2> 1/3 ML - attraction on Co, repulsion on Pt
Attraction = CO island formation (note: mixing entropy)




Increasing coverage to 1/3 ML

CO reduces charge on neighboring Co o 0?/ o

atoms, small effect for Pt 002 — . °

Change in Bader charge (Co / Pt)

Effect of CO adsorption on Co/Pt charges

Natural Bond Orbitals?
Pt-1/9 Co-1/9 | Pt-1/3 Co-1/3

(50-d,,)* occupancy 0.42 @ 0.44 0.34
C-O 2m* occupancy ~0.19/0.19  0.29/0.29 | 0.19/0.19  0.28/0.28

NBO agrees with Blyholder picture
Reduced charge->lower Pauli repulsion (50) =
Back-donation to 21m* nearly affected

1 Schmidt et al., J. Chem. Theory Comput. (2012); Blyholder (1961)
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CO coverage on terraces. Phase transition

Differential E_ -135 -46 -75
AG_4(500 K, 7 bar) -65 +32 +6

Adsorption entropy: -140 to -150 J/mol K
Stability: AG_,(T, p) = AH_,.%(T) + TAS_,(T) + RT In(p/p,)

Differential E_ .. Co-1/3 ML CO + CO(g) - Co-x ML-CO

Co terraces saturated at 1/3 ML (500 K, 7 bar CO)

Phase transition to 7/12 ML, not gradual increase
e
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CO coverage on terraces. Phase transition

LogP., (bar)
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Low pressures: isolated (V3xV3)R30°-CO islands
Higher pressures: phase transition to (2V3x2v3)R30°-7CO phase
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Phase diagram CO on Co terraces

1000 300 200
s , Two phases on Co terraces,
S~ (23x2:3)R30°  geparated by a first-order

phase transition

Only two phases observed
experimentally (LEED, RAIRS)

Calculations reproduce exp.
phase transitions

1 2 3 4 5 6
1000/T (1/K)
Coverage under FT: 1/3 ML or 7/12 ML

How does CO coverage affect kinetics?

Zhou, Borgna, Saeys, J. Catal., 2013; Exp: Bridge et al., Surf. Sci. 1977; Beitel et al., JPC B 1997
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Kinetic Data for FTS

Reaction order and Activation energy
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TOF = Ky face (Knz Pr2)! (KcoPco)™
Ea,eff = Esurface+ AHads,H2 AHads,HZ ~ =50 kJ/mol

E.irface ~ 150 kJ/mol

Ojeda, Nabar, Milekar, Ishikawa, Mavrikakis, Iglesia, J. Catal. 2010; Herranz, Deng, Cobot, Guo, Salmeron, JPCB 2009

E, (kcal/mol)
S

CO conversion rate 1o HC (mol h " at-g Fe
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Carbide mechanism

& ¢ _Dis coc o _*Hus,_ CH, CH, _*Haas clzuzcuz -
|| ] -H20

 Brady-Pettit experiments with CH,N,: CH, + CH,, coupling’

« C-C coupling on Co?:
RCH+C —-> RCHC E_=71kJ/mol
RCH + CH, > RCHCH, E, = 68 kJ/mol

« CO dissociation on Co(0001):
CO > C+0O E, =218 kd/mol® and
367 kd/mol (high coverage)*

« CO dissociation slow = low C or CH, coverage
—>coupling slow compared to hydrogenation/termination

1. Brady and Pettit, JACS 1980; 2. Cheng, Hu, Ellis, French, Kelly, Lok, J. Cat. 2008
3. Ge, Neurock, JPC B 2006; 4. Ojeda, Nabar, Nilekar, Ishikawa, Mavrikakis, Iglesia, J. Cat. 2010



CO insertion mechanism

CH3(CHa)y

o

\/0

C

CH3(CHz)x

a. H-assisted CO activation’?

Hydrogenation lowers C-O dissociation to 82 kJ/mol’

b. CO insertion (Pichler and Schulz, 1970)
RCH, + CO - High calculated barrier (182 kJ/mol?)

Alternative CO insertion steps can be envisioned

1. Inderwildi, Jenkins, King, JPCC 2007; 2. Ojeda, Nabar, Nilekar, Ishikawa, Mavrikakis, Iglesia, J. Cat. 2010;
3. Cheng, Hu, Ellis, French, Kelly, Lok, JPCC 2008



CO activation

' o : : E.: 220 kJ/mol
AH.: +53 kJ/mol

Kinetically difficult due to high CO activation barrier
Should be zero order in p,,




H-assisted CO activation

CO>C+0 HCO > CH+ O H,CO = CH, + O

E,: 220 kJ/mol E.: 90 kJ/mol E,: 68 kJ/mol
AH.: +53 kJ/mol AH_: -97 kJ/mol AH.: -83 kJ/mol

Hydrogenation lowers C-O dissociation barrier
Could be 0.5 to 1.0 order in p,;,
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H-assisted CO activation: Energy Profile
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First hydrogenation difficult, but faster than CO activation

'Ojeda, Nabar, Nilekar, Ishikawa, Mavrikakis, Iglesia, J. Catal. 2010; Zhuo, Tan, Borgna, Saeys, JPCC, 2009



Effect of coupling on C-0O dissociation barrier

For RC=0
CHCO > CHC + O CH,CO > CH,C + O CH,CO > CH,C + O

E

.. 180 kJ/mol E.: 95 kJ/mol E.: 72 kJ/mol
AH,: -35 kJ/mol AH,: -72 kJ/mol AH,: -78 kJ/mol
E.: 70 kd/mol, Jenkins et al.

Ref: Zhuo, Tan, Borgna, Saeys, JPCC, 2009; Inderwildi, King, Jenkins, PCCP 2009




Effect of coupling on C-O dissociation barrier
For RC=0

CHCO > CHC +0O CH,CO > CH,C+ O CH;CO - CH,C + O
a: 180 kJ/mol : 95 kd/mol 72 kJ/mol
- =35 kd/mol AH -72 kJ/mol < -78 kd/mol
ForRCH—O
CHCHO - CHCH + O CH,CHO - CH,CH+ O CH,CHO - CH,CH + O
70 kJ/mol a: 132 kJ/mol 61 kJ/mol

=102 kd/mol ~-18 kd/mol . -48 kd/mol




CO insertion mechanism: C-C coupling

CH+ CO -> CHCO

E.: 96 kdJ/mol
AH.: +51 kd/mol

CH,+ CO - CH,CO

E.: 74 kJ/mol
E_: 53 kd/mol, Jenkins et al.
AH_.: +60 kJ/mol

CH,; + CO - CH,;CO

E.: 180 kd/mol

AH.: +67 kJ/mol
Zhuo, Tan, Borgna, Saeys, JPCC, 2009

3 3
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CO insertion mechanism: Hydrogenation steps

R H R

C — C

111117717777 117111777777

R H <—>R HIO RIO H
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2 possible C-C coupling steps
4 possible C-O scission steps



e
CO insertion mechanism: RCCH-O Path

R
C

117111777777

I H
R O |
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R
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H

2 possible C-C coupling steps
4 possible C-O scission steps



CO insertion mechanism: RCCH-O Path

220

180 -

Energy (kJ/mol)
o
o

20 A

-20

140 -

(®))
o
1

|CO+CH + 3H

96

CHCHO + 2H

70

CHCO + 3H

L

CHCH + 0O + 2H

CH,C+O+H

Effective barrier for surface reaction: 190 kdJ/mol
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CO insertion mechanism: RCHCO paths

R
R. H |
\C/ — C
711711117777 TIT7T7171777
H I
I$ |T| G I|? I //O
H,C-C—0 H,C-C—O0<“—> R-C—C

////%/ /7777777777 ///////,L’”

P |

R. ’
R-CH, H CHa |
N\ > ( > R-C—C

I
e 7

2 possible C-C coupling steps
4 possible C-O scission steps



CO insertion mechanism: RCHCO paths

220

Highest point

/2“0' hydrogenation 5

/ CH,CHO

CH,CO+H 61

180 1

140 A

=
o
o

CH,CH+0

Energy (kJ/mol)
o
o

CO+CH,+2H P

20 A CH,C+0+2H heioun
—
20 L
Propagation E ;,ace: 179 kd/mol
Order in py, about 1.0




Proposed Catalytic Propagation Cycle
|

Initiation ~  H R=C—C=0
l H \C/ @ / Y A
+H" TIIIIITITT77 +H*
g \
|
—_— IlQ CH;~C—0
- H,0 (|3H2 — R S
. + 2H*
Chain growth C O .
Y e 1 *
II-I-H
+H* W
R-CH,. H R

—————— > e W
Termination <—— v 9 Ch; f i




Experimental evidence for CO insertion mechanism

CO partial pressure (Pa)

. 08 420 =3 oo oot 10000 14300 te300 ls

i

Temperature (K)

Lots xps [¢{ c1s xps

Atomc C surface coverage (Moms. e’ BET) } 532 530 528 286 285 284 283
Binding energy (V)

Transient kinetics on Co/MgO C-O scission in RCH,C-O

. L] ) “ i s 3 13

3

Chain growth probability

Switch H,/He -> H,/CO/Ar Ethanol on Co(0001)
Chain growth ~ CO coverage CH,CHO" decomposes
> 0at370 K

CO* is chain growth monomer

Schweicher, Bundhoo, Kruse, JACS 2012; Weststrate et al., JPCL 2010



CO insertion mechanism: Effect of coverage
Energy profile: Decreased adsorption energies

Original profile
180 ~ : :
Decreased adsorption energies
140 -
[
e 100
S
=
> 60
o CH,CO*
() + H*
c CH,CO*
W20 CO* + CH
2
| + H*
CO* + CH*
-20 + 2H*
-60

CH,C* + O*
Original TOF: 3 107 s
TOF for “high coverage” cycle: 2 102 s-1
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H Stability Diagram on (V3xV3)R30°-CO Co(0001)

6, (ML)

0 1/9 2/9 13 4/9
0 A A A J

1.0
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005
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7 e
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50 4
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H, adsorption enthalpy (kJ/mol)

70 -

-80 -

CO destabilizes H atoms, from -121 kJ/mol on clean Co(0001)
H’s populate hollow sites along CO diagonal

Binding energy decreases monotonically. No stable phases.
Langmuir isotherm with coverage dependent BE -> 6,,=0.3 ML



C-O dissociation on (V3xV3)R30°-CO Co(0001)
For RC=0

CH,CO - CH,C + O CH,CO - CH,C + O
Cc-0
scission
: barrier . u )
AH,: -78 kd/mol AH,: -56 kJ/mol
For RCH=0

CHCHO > CHCH + O CHCHO - CHCH + O

70 kJ/mol E.: 105 kJ/mol

=3

< -102 kd/mol AH.: -88 kdJ/mol




C-C coupling on (V3xV3)R30°-CO Co(0001)
CH+CO > CHCO

coupling N & 3
_ barrier _
E.: 96 kd/mol decreases E.: 89 kd/mol
AH.: +51 kd/mol AH.: +55 kJ/mol

CH,+ CO - CH,CO

u_

: 74 kJ/mol E.: 51 kdJ/mol
AH +60 kJ/mol AH.: +42 kJ/mol

Ref: Zhuo, Borgna, Saeys, J. Catal. 2013
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CO insertion mechanism: Effect of coverage

CO insertion: RCH, + CO > RCH,CO >RCH,C + O

180 - hc_:v:l((::overage Effective barrier
'gh Loverage 1 65 kJ/mol lower
|
__ 140 - !
O i CO TOF ~ 0.01 s
I —
£ 100 - : (e = 0.1 ML)
2 |-/ T x RCHCO™ H* | RGH.CO* |
- 60 - I 0 order in CO,
O 175 | 1st order in H,
o kJ/mol |
P CO* + RCH* ]
w | +H ! RCH,C* + O*
90 JCO* +RC+ 24

Initiation: How are CH* groups formed?
Coverage: Is 0.1 ML RC* reasonable?

Zhou, Borgna, Saeys, J. Catal., 2013



Massive reconstruction under FT conditions

STM images of Co(0001) single crystal

Surface reconstruction and Co mobility

Monolayer nano-islands (~2 nm diameter) formed
during FT synthesis

What drives the formation of those islands?

Wilson, de Groot, J Phys Chem, 1995
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Stability of Co islands

Step creation and island formation during FT

CO-covered terraces

\ 4

CO-covered nano-islands



Stability of Co islands
Step creation B5 F4

Clean Terraces Formation of a step

Step creation: +80 kd/mol step atoms (both sides)

Does stronger adsorption stabilize the steps?




CO adsorption at step edges

First principle CO adsorption free energy
AGads(T’ pCO) = AHads(TapCO) - TASads(T’ pCO) + RT In(pcolpo)

1/3 ML 7112 ML B5. 50% ' B5.100% F4.100% I
-65 -35 -75 -74 -71

AG,  to create step:
Desorption of CO (3 rows*1/3 ML*65 kJ/mol) + Step creation (80 kJ/mol)
- CO adsorption at B5 and F4 (100%*74 kJ/mol +100%* 71 kJ/mol)

~ 0 kdJ/mol steps

Stronger CO adsorption and high CO coverage
overcome step-creation energy under FT conditions




Strong carbon adsorption

Carbon stability: AG,,,, for CO(g) + H,(g) = [C]* + H,0(g)

—_——
# \

\\::\C 2S.2p. y

BS5. F4. s o
. ’ (> 2 x 45, - 2 x 4
Jf : + 2pxy.
'18 52 ....... . ISy *+ 25;
Carbon at Carbon at Surface carbide
B5 steps fourfold steps on islands HOMO HOMO-1 HOMO-22

Under FT conditions, Square planar
carbon binds strongly at B5 site

AX X

4n+2 Huckel rule

Unique stability (cf. graphite: -47 kd/mol) -> g-aromaticity
due to sigma aromaticity.

Tan, Xu, Chang, Borgna, Saeys, J. Catal., 2010; Alexandrova, Saeys, in preparation




What is the C/CO coverage at BS steps?

Carbon stability:
AG,,, for CO(g) + Hy(g) > [C]" + H,0(g)

50% C 100% C

Increase in C step coverage beyond 50%
is not favorable
Can be understood from c-aromaticity

CO stability: -18 13
B5 50% 50% C + 50% CO 50% C +100% CO

Square planar C increases CO stability



Stability of covered steps

50% C and 100% CO step edge coverage overcome energy
penalty to create steps and stabilizes B5




Deactivation of Co catalysts during FTS
100 bbl/day bubble column pilot plant

“WWwes———"—————4—H———-"-"-"-"""—-"——————"-
oo o, Deactivation | g6y deactivation under industrial
;’,oc o V. FTS conditions
E0" : . .

2 Various mechanisms have been
20 proposed
Y w B® » e B
Time on kne (days) other (poisoning, attrition, reconstruction)

carbon (including fouling

Conditions: 230 °C, 20 bar, H,/CO =2 bywax)

Saib et al., Appl. Catal. A, 2006
Moodley et al., Appl. Catal. A, 2009

Saib et al., Catal. Today, 2010

58%

14& N
oxidation (incl. Co support
sintering compound formation)




Stability of carbon species
Stability relative to a synthesis gas reservoir (PBE functional)

AG,,,(220 °C, 20 bar) for CO(g) + (x/2+1)H,(g) — [CH,]* + H,0O(g)
Surface carbon Surface CH Surface CH,

-57 kJ/mol

Graphene




Stability of carbon species
Stability relative to a synthesis gas reservoir

AG,, (220 °C, 20 bar) for CO(g) + (x/2+1)H,(g9) — [CH,]* + H,O(Qg)

Nucleatlon and graphene rowth out of steps -
| ~50 lemoI ¢ - 80 kJ/mal S o o= 116 kdimol

" .98 KJ/mol
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Experimental Procedure

Catalyst preparation

» 20 wt% Coly-Al,O4 catalyst, with 0.05 wt% Pt to improve reducibility
* Slurry impregnation of y-Al,O, with Co(NO;), and [Pt(NH;),]J(NO;),

» Calcination in air at 400 °C for 2 hrs

» Reduction at 500 °C for 12 hrs in 50 Nml/min H,

~ | Catalyst testing

g . g catalyst and 18 g SiC in fixed bed

* Particle size: 212 — 300 uym

« 240 °C, 20 bar, H,/CO =2

* W/F =7.5 g.,:h/mol, high CO conversion

Heat and mass transfer limitations
* Different particle size — no effect on rate
» Bed temperature gradient < 1°C
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Experimental Validation and Characterization

~~100
% 0 | Gradual deactivation over 1 week
2 § -Deactivation is attributed to
g resilient carbon deposits (by TEM
§ 70 P and TPH)
o & #20 wt% Coly-Al,0, - Two types of resilient carbon
©  1240°C, 20 bar species (by XPS)
50 w T ‘ ‘
0 50 100 150 200
Time on stream (hours) Ref: Tan et al., J. Catal. 2010
cobalt T [ee, o
lattice e Peak 3 — 320°C (0.81 ML)
Peak 4 — 400°C (0.19 ML)
Peak 5 — 470°C (0.16 ML)
T > 400 °C:
Resilient

carbon deposits

XPS spectra (a.u.)

150 250 350 450 550
Temperature (°C)




Stability and C 1s BE for C species

Graphene p4g carbide CH at hcp
Structure
Calculated C 1s BE (eV) 284.5 283.3
Stability (kJ/mol) -116 -98 -72 -57

Subsurface Bulk carbide  Carbon at B5
CCH; at hep carbon (Co,C) step

Structure

284.1 (C)
Calculated C 1s BE (eV) | 9351 (CH.,) 283.9 283.2 284.0
Stability (kJ/mol -90 -15 +16 -95
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Summary: Carbon Deposition Mechanism

Computational study
Carbon diffuses into steps and initiate a clock reconstruction

Nucleation and growth of H-terminated graphene out of steps
Calculated C 1s energies: 283.3 eV and 284.5 eV

Experimental study
CO conversion decreases by 25 % after 1 week
XPS: 2 types of carbon: “carbidic” and “poly-aromatic”
Experimental XPS for C 1s: 282.9 eV and 284.6 eV

Can we improve stability of supported Co catalysts?

Ref: Tan, Xu, Chang, Borgna, Saeys, J. Catal. 2010
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Effect of Boron on Stability of Ni catalysts

0.65

B 4 uf& g os “\—\ji"j "
"
et $ 055
7 S 05 unpromoted
T 045
0.4
0 200 400 600
Time (min)
Xu and Saeys, J. Catal., 2006 Xu et al., J. Catal., 2009

DFT: Boron reduces carbon nucleation and growth on Ni
catalysts by blocking nucleation sites

Experiments: Boron reduces the deactivation rate and
carbon deposition by a factor 3, and slightly increases activity

Would this work for Co?



Stability of Boron on Co

Stability of boron under FTS conditions

AG, for 1/2 B,Hg(g) — B* + 3/2 H,(g)
Step sites

and Increased stability for
nearest neighbors:
-023 kJ/mo| B-B interaction
—)

o Boron very stable at
ol p4g clock

L " 259 kJ/mo
Boron mimics carbon binding preference — AA?
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Effect of Boron on Carbon Stability

Effect of boron on carbon diffusion from terrace to step site

-57 kd/mol

& AE,

B AE, = +109 kJ/mol
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Experimental Procedure

Catalyst preparation

« 20 wt% Coly-Al,O4, 0.05 wt% Pt catalyst promoted with boron
 Two step impregnation of y-Al,O, with (i))Co(NO;), and (ii)H;BO,
» Calcination in air at 400 °C for 2 hrs

 Reduction at 500 °C for 12 hrs in 50 Nml/min H,

Catalyst testing

* 1 g catalyst,18 g SiC in fixed bed reactor
* Particle size: 212 — 300 um

« 240 °C, 20 bar, H,/CO =2

* W/F =7.5 g.,sh/mol, high CO conversion
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Effect of Boron on CO conversion

1.0
;ﬁ‘:ﬁk prry 0.5 wt% B Deactivation rate
0.0 | K¥IR Qe TNt o | COefficient
c & Y, e . B (Wt%) k*10*(hr)
2 08 o e R TN 0 17
& ° ® v. .« O0wt%B
) \,{'\\ . 0-5 2.7
= e O Puygming
0.7 o
o ®
3] o ° HC Owt% B 0.5wt% B
8 0.6 -° selectivity
o C, 24 22
05 T T T T T T T T C2 — C4 16 17
0 25 50 75 100 125 150 175 200 C.. 60 61
Time (hrs) a 0.70 0.71

0.5 wt% B reduces deactivation rate by factor 6
CO conversion maintained at 90%

HC selectivity relatively unaffected

B Ref: Tan, Chang, Borgna, Saeys, J. Catal. (2011)



Post-reaction characterization
X-ray Photoelectron Spectroscopy

284.6 C1s
npromoted

XPS sepctra (a.u.)

278

NN e A RVl
T

280 282
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Characterization: Formation of Cobalt Boride

B 1s X-ray Photoelectron Spectra
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boron oxide

Peak at 188.1 eV

cobalt boride
187.8 eV from DFT-PBE

XPS spectra (a.u.)
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10% of boron oxide reduced
Only B atoms interacting with
Co particles can be reduced




e
Conclusions

Modeling realistic coverages (Operando) affects kinetics and
brings predicted kinetic parameters close to experiment

CO insertion mechanism via RCH + CO is a viable
mechanism on Co terraces, consistent with kinetic data

Unique stability of C/CO at B5 site overcomes step creation
penalty and drives formation of Co islands of specific size

Boron mimics the binding characteristics of carbon, is
stable on Co, and can selectively block nucleation sites.
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