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Introduction to the Chen Group

« Expertise in surface science and supported catalysis for energy
applications

— Specialize in developing trends to correlate structure and
electronic properties to catalytic properties

* |.e. d-band center, hydrogen binding energy, and
coordination number with activity and selectivity

— Bridging the “pressure gap” and “materials gap”

Analytical Techniques:
DFT, TPD, HREELS, FTIR,
CO Chemisorption, TEM, GC, XAFS
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Correlating Model Surfaces to Supported
Catalysts

Model
Surfaces

<Pressure Gap
<Materials Gap

Reactors 0 K i ) )S(l;la)f;;tsetcsi

[1] W. Yu, M.D. Porosoff, J.G. Chen, Chem. Rev. (2012).
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L esson Outline

Common Theme: Discovering trends to identify desirable catalysts

1) Hydrogenation of propanal: a successful correlation with PtNi

2) Activation of CO,: a system that is not yet fully characterized or
understood
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Propanal as a Probe Molecule

« Hydrogenation of C=0 bonds is important for organic synthesis

— Also an important step during biomass conversion (Cellulose
— Polyols)

D
J

* Propanal is a very simple hydrocarbon with only one C=0 bond

— Bimetallic surfaces have previously been shown to be active
for hydrogenation

[1] N. Ji, T. Zhang, M. Zheng, A. Wang, H. Wang, X. Wang, J.G. Chen, Angw. Chem. Int. Edit. 47 (2008) 8510-8513.
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Structure of Bimetallic Surfaces

* Pt—Ni bimetallic surfaces are capable of forming three configurations

Surface Intermixed Subsurface

Ni-Pt-Pt(111) Pt-Ni-Pt(111) Pt-Ni-Pt(111)

* Pt-Ni-Pt lowers hydrogen binding energy and dissociates H, more
easily than Pt(111)

— Enhanced hydrogenation activity over either of its parent metals

6
[1] M.D. Porosoff, W. Yu, J.G. Chen, J. Catal. (2013).



&2 COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

DFT Identification of Active Surfaces

a) Hydrogen Binding Energy
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« Surfaces that bind H, and propanal more weakly should be more active for

selective hydrogenation

— Pt-Ni-Pt subsurface binds propanal and H, more weakly than both Pt and Ni

[1] M.D. Porosoff, W. Yu, J.G. Chen, J. Catal. (2013).

[2] R.Y. Zheng, M.P. Humbert, Y.X. Zhu, J.G. Chen, Catal. Sci. Technol. 1 (2011) 638-643.
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Temperature Programmed Desorption (TPD)

a) TPD of Propanal b) 1-Propanol Yield vs d-band Center
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« TPD studies in UHV conditions indicate Pt-Ni-Pt is more active than Pt and Ni

» Using d-band center as a predictor could save significant time to identify supported
catalysts for reactor experiments

[1] R.Y. Zheng, M.P. Humbert, Y.X. Zhu, J.G. Chen, Catal. Sci. Technol. 1 (2011) 638-643.
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Ex-situ Characterization of PtNi/y-Al,O,

« Catalysts are synthesized using incipient wetness impregnation

« TEM measurements indicate there are well-distributed, metallic
particles, ~1.5 nm

At this resolution, bimetallic is indiscernible from monometallic catalyst

[1] W.W. Lonergan, D.G. Vlachos, J.G. Chen, J. Catal. 271 (2010) 239-250.
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Why are we interested in XAFS?

« DFT and UHYV studies indicate that the Pt-Ni-Pt surface is very active for
propanal hydrogenation

— Necessary to replicate an analogous surface in supported catalysts

—_——

Pt-Ni-Pt(111) Supported Catalyst Pt-Ni Nanoparticle

\ ®rt O j

Do we have bimetallic particles?

Can we compare these systems?

10
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X-ray Absorption Fine Structure (XAFS)

« Used to measure bond distances, coordination number, and nearest
neighbors of metal atoms to confirm existence of bimetallics

Nashner-Adler cell
for in-situ reduction

i =1n(l/1)

X-ray source

Sllts’
S X1

Monochromator

« XANES: Near edge region of absorbance R
spectrum, contains electronic information . L‘—‘N

— Oxidation states

m
« EXAFS: Extended edge region of = 08
. N

absorbance spectrum, contains structure T 06 e

information S g4 o0

— Bond distances, nearest neighbors 0.2 J:

and coordination numbers 0.0 -be?"1E0.
11500 11600

Energy (eV) 1

Image courtesy of SCC website
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Pt-Based XAFS Data
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12

[1] W.W. Lonergan, D.G. Vlachos, J.G. Chen, J. Catal. 271 (2010) 239-250.
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First Shell Fitting of EXAFS Data in Artemis

- Data was fit after reduction in 5% H,/He with 7 parameters

'MiPt/Si02 ' in R spoce
MHame Idath Expression T T T T

NEt L3
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— fit 7
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— window
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13
Data is PtNi/SiO, for illustration purposes
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EXAFS Fitting Results

Catalysts N(Pt-Pt) | N(Pt-Ni)| d(Pt-Pt) | d(Pt-Ni) o (Pt-Pt) o (Pt-Ni)
Pt/y-Al,0 62+04| - |275+0.01 -- 0.006 + 0.001 -

1Pt-3Ni/y-Al,O03 4.4+0.7|12.6+0.6}2.72+0.01|2.57 £0.01| 0.007 + 0.001 0.010+ 0.002

3Ni-1Pt/y-Al,0; 7.3+0.9|1.4+05}2.74+0.012.58+0.01| 0.007 + 0.001 0.008+ 0.002

1Pt-3Ni/Y-A|203

co-imp 57+£09|3.2+05(2.72+0.01|2.58+0.01| 0.007 + 0.001 0.010+ 0.001

« In all cases, Pt-Pt distances are smaller than bulk Pt-Pt (2.77 A), while Pt-Ni
distances are larger than bulk Ni-Ni (2.49 A), suggesting bimetallic bonds

« Bimetallic coordination number is largest on the co-impregnated catalyst

« Can we infer the structure of the bimetallic particles?
14
[1] W.W. Lonergan, D.G. Vlachos, J.G. Chen, J. Catal. 271 (2010) 239-250.
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Batch Reactor with In-situ
Fourier Transform Infrared Spectrometer

Bellows

Gas Line

Reaction Vessel

Tungsten Mesh

Exterior View Interior View

15
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Bimetallic Catalyst Structure by
CO Adsorption with FTIR

* Figure shows CO binding
signatures in FTIR on Pt/Ni
catalysts on y-Al, O,

1P Y-AlLO,

« 2061 cm for atop sites
« 1945 cm? for bridge on Ni

|| 1841 cm'! for bridge on Pt
1PE-3Nif¥-ALO, I——

1P A ALC

w
\

Normalized Absorbance (a.u.)

]

oo, N « Bimetallic Pt-Ni are similar to

\ monometallic Pt, suggesting
gl | | P bimetallic supported catalysts
3000 2500 2000 _, 1500 100 are Pt_terminated

Wavenumber({cm )

16
[1] M.D. Porosoff, W. Yu, J.G. Chen, J. Catal. (2013).
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Batch Reactor Activity for Hydrogenation

a) Propanal Activity, T = 343 K b) Propanal Activity, TPD
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« PtNily-Al, O is more active for propanal hydrogenation than either of its parent
metals

* Recall: Pt-Ni-Pt subsurface was most active in UHV experiments

[1] W.W. Lonergan, D.G. Vlachos, J.G. Chen, J. Catal. 271 (2010) 239-250. 17
[2] R.Y. Zheng, M.P. Humbert, Y.X. Zhu, J.G. Chen, Catal. Sci. Technol. 1 (2011) 638-643.
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Summary of Hydrogenation of Propanal

 DFT and UHV studies indicated that Pt-Ni-Pt surface would be
active for propanal hydrogenation

« Bimetallic structure of supported catalysts confirmed with TEM,
EXAFS and CO FTIR

« Supported catalyst accurately represents UHV surface and
mimics high hydrogenation activity

18
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L esson Outline

Common Theme: Discovering trends to identify desirable catalysts

2) Activation of CO,: a system that is not yet fully characterized or
understood

19
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Reduction of Atmospheric CO,

Seashell decomposition in sea water with pH levels projected for 2100 [

No action A

/ H, H,0
+2H, Abundant and

COZ Conversion into&co W) CH, low volumetric

chemicals/fuels A energy density
Sequestration :
C H for Fischer-Tropsc Potential for 40%
chémicals or fuels CO, reduction

Expensive with Only yields a 0.1% CO, is highly stable and unreactive

unknown effects ~ reduction in CO, >activate with a catalyst
emissions. (2]

[1] http://Iwww.pmel.noaa.gov/co2/story/What+is+Ocean+Acidification%3F
[2] C.S. Chen, W.H. Cheng, S.S. Lin, Appl. Catal. A-Gen. 257 (2004) 97-106.
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Precious Metal Catalysts for CO, Activation

« CO, activation requires a dual-functional catalyst with high
hydrogenation and C=0 bond breaking activity

1. Hydrogenation of CO, (metal) - formate intermediate
2. Scission of C=0 bond (support) = aldehyde intermediate
« Active metal and oxide support both must play a role

20

-~

1) Metal Function (I_:I
A7\ %\

t: - 3t - EI:S

2) Support Function

21
C.S. Chen, W.H. Cheng, S.S. Lin, Catal. Lett. 68 (2000) 45-48.
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Supported Catalyst Identification

« Supported catalyst: Active Metal + Support
« Active Metal: Nano-sized metallic particles provide “

adsorption sites and aid dissociation of reactants ﬂ.
R A
— PtNi was active for C=0 hydrogenation in -

propanal (part 1)

« Support: Metal oxides provide stability and increase
active metal dispersion CeO,: Ce**

— Irreducible: y-Al,O4, Reducible: CeO,

— Lattice oxygen vacancies in CeO, can accept
oxygen from CO, to contribute to its activation

Ce,05: Ce3*

[1] S.T. Qi, et al, Appl. Catal. A-Gen. 393 (2011) 44-49. 22
[2] R.Y. Zheng et al, Catal. Sci. Technol. 1 (2011) 638-643. [3] T. Jin, etal, ACS. 87 (1987) 5931-5937.
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Determining Trends in Activity and Selectivity

a) Activity at 573 K in Batch Reactor | b) Selectivity at 573 K in Batch Reactor
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« The support dominates the activity and metals control selectivity
— Support effect: The activity is higher on each CeO, based catalyst
— Metallic effect: Decreasing CO:CH, with increasing values of d-band center

» Investigate other catalysts that exhibit dual-functionality and oxidation-reduction

cycles
23

M.D. Porosoff, J.G. Chen, J. Catal. 301 (2013) 30-37.
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Molybdenum Carbide for CO, Activation

* Mo,C is a dual functional catalyst with high hydrogenation and
C=0 bond breaking activity [}
- Oxidation-reduction cycle likely contributes to CO, activation [2!
- Requires oxygen in CO, to bind weakly

c Mo,C o
g O-Modified S
Mo,C

* Is Mo,C active for CO, reduction? How does it compare to
bimetallic catalysts?

[1] J.L. Dubois, K. Sayama, H. Arakawa, Chem. Lett. (1992) 5-8. 24
[2] J. Sehested, C.J.H. Jacobsen, S. Rokni, J.R. Rostrup-Nielsen, J. Catal. 201 (2001) 206-212.
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Mo,C Synthesis

1. Impregnate ammonium molybdate tetrahydrate into silica support
(S.A~ 1000 m?/g, 2.1 — 2.7 nm pore size)

2. Calcine, then carburize catalyst
3. Wash away silica with NaOH, then filter and fully dry Mo,C

- .
L S
- v B2 v
== » e o=
> > N l“_:a -
Carburize in Wash and Filter =, <~ s " -
™ f"‘ - = "

MoO; + Silica Mo,C + Silica Mo,C

25
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Characterization of Mo,C

* Mo,C is a new compound for the group and the synthesis is a new
procedure — must verify the compound is pure Mo,C

— XRD indicates B-Mo,C (more stable phase)
« Compare with reference Mo,C (fingerprinting) using EXAFS

700 —
600 —
500 —

400 —

300
A
A
A
200 — N
A
100 | A

0_

Intensity (a.u.)

26 (Degrees)

A : Peaks associated with 3-Mo,C
26
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Calculations Prior to EXAFS of Mo,C

* Mo,C is a pure compound: sufficient
X-ray transmittance is a challenge 7 80

— PtNi/y-Al,O5 is 1.67 wt% Pt and
1.5 wt% Ni on a relatively X-ray
transparent support

— Sample must be diluted: mass
attenuation data on NIST can be
12 14 16 18 20 22 24 26 28 30
Very helprI Energy (keV)

—— Mo
--- Mo Diluted
— C

--- C Diluted

[
S
\

N
o
\

Mass Attenuation Coefficient (cm2 g
B
o
|

o
|

 Dilution must be great enough to allow transmission, but small
enough to see an edge jump

— u=In(l,/l) - 01<p<1.2
— Sample diluted ~1:20 with boron nitride

27
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Ex-situ EXAFS of Mo,C

» ---- Standard Mo,C

— Mo,C

1.2 — _
a) . — Mo,C 3.0
i ---- Standard Mo,C

1.0 - 2.5
w
'c
> 0.8 2.0 1
£
L
c
° P
[ <
o 064 = —
2 @ 1.5
< =
O
(0]
N
©
E 04
[e]
z

0.2 -

00 77—

19850 20000 20150 20300 20450
Energy (eV)

Comparison with Alfa-Aesar standard shows similar structure

— Requires a .inp file to fit the data in Artemis

28
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Mo,C EXAFS Fits

Guess, Def, Set
B Mo2C_Fresh

=- Fit

L it

E- FEFFD
— fit 3 1 Path 1: [C_1]
Path 2: [Mo_1]
Path 3: [Mo_3]
Path 4: [C_1 C_1]

'MoZC_Fresh' in R spoce

— MagZ2C_Fresh

lk(R)l (B~

Hame Math Expression

0.5

HMo
HC

delrMo

fa QR a—— L 1 h 1
0 1 2 3 4 5 6
R (A}

delxrC
==Mo 005

saC 005

#
1
2
3
=
=
&
7

[ = R = R # R A
[ R e Y e N o T o Y Y

« Lack of fit at low values of R
— Poor model or are fit parameters inadequate?

enot

29
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Troubleshooting Mo,C EXAFS Fits

(R (A%

0.5

k(&1 R(&)

label:
_ _ _ _ w1 X soz[ossne
« Modify fit window to exclude low and high deD:fenot
. delR: |delrC
values of K (alternate representation of energy) sigmﬂ
— Also add absolute value to 02 parameters »
4th:

* Mo,C has been successfully synthesized, but is it active for CO, reduction? -



&2 COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

Mo,C Activity and Selectivity

a) Conversion at 573 K in Flow Reactor

14 | m CeO,
10— Mo,C

Conversion at Steady State
¢}
|

Pt-Co Pt-Ni Pd-Co Pd-Ni Ni Co

b) Selectivity at 573 K in Flow Reactor
25 - m CeO,

20 |

L bt

CO:CH, Ratio at Steady State

Pt-Co Pt-Ni Pd-Co Pd-Ni Ni Co

* Mo,C shows higher conversion and selectivity than bimetallics

*  Why is Mo,C more active? Is the mechanism different?

31
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Ambient Pressure XPS of Mo,C and Mo,C-O

a) Cls Electron b) O1s Electron
a)4x10° b) =
. Cis o-Mo-c’;A/O-C 1.0x10* 9 Ofs Mo-C-? O Treatment
| - ol 1 1) Clean Mo,C
104 c-0 1 , ~aduan 2) 150 mTorr CO,
R o 3 05 il \ iy M 3) 150 mTorr CO, + 550
a ’ " z ) mTorr H, with annealing
2 e g 04+ to 250 °C, then cooling
06 /\3 B N/ to RT
I e = . 4) 150 mTorr CO, +
4 0.0 - 550 mTorr H, at 250 °C
0.2 — e
| | | | | v | ! | ' | .
295 290 285 280 540 536 532 528
Binding Energy / eV Binding Energy / eV

Measurements by Xiaofang Yang

« During reaction conditions, the major surface species are oxycarbides, not
formates or carbonates as seen in metal oxide catalysts
Reaction mechanism over Mo,C is different than metal oxide catalysts

32
M.D. Porosoff, X. Yang, J.A. Boscoboinik, J.G. Chen, Angew. Chemie Int. Ed., (2014).



X-Ray Absorption Near Edge Structure (XANES)

In-situ

X—-ray source Flow Reactor

S X

Monochromator
« XANES: Near edge region of absorbance 14 XANES
spectrum, contains electronic information 12-
—_Oxidation states @ 101 LN
« EXAFS: Extended edge region of g el
absorbance spectrum, contains structure £ °°1,, ‘¢
information 2 04 .
— Bond distances, nearest neighbors o2 JE
and coordination numbers S eon

Energy (eV)

33

Image courtesy of Ayman Karim, PNNL
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In-situ Flow Reactor (Ayman’s Cell)

« Flow reactor used with glassy carbon tubes for in-situ XAFS measurements
— Glassy carbon tubes allow high transmittance of X-rays

Holes for
thermocouples

beam

34
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Isosbestic Points in XANES Data

e Occur when a compound is composed of a combination of two parent
species: XxA+yB=C,x+y=1
« Signature indicator for Linear Combination Analysis (LCF)

1.4 —

— MoO, Standard
@ 12— — Mo,C Standard
S — Mo,C Sample
a
EL 1.0 —
&
'*5_ 0.8
3 Isosbestic
2 06— :
S Points
I
T 04+
£
]
< 0.2
0.0 | | |
19950 20000 20050 20100

Energy (eV)
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Linear Combination Fitting (LCF)

« Recall: High Mo,C activity in CO, activation could be from an oxidation-
recarburization cycle

— It appears that Mo,C cycles between an oxidized and reduced state
« Can we prove this? Yes, Linear Combination Fitting of XANES data

Mo,C s Oxy-Carbide <mmmm) MoO,

« LCF requires standards at both sides of the spectrum (reduced and oxidized)
— Standards cannot be arbitrary Mo compounds

36
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Linear Combination Fitting in Athena

dk: window type: —

Phase correction: [~ off  arbitrary k-weight

Backward Fourier transform

I Ao | #
dr: window type: —

R-range:

Plotting parameters

plot multiplier: y-axis offset:

El k| Rl q| Stackl \ndl PF|
B mu(E)
¥ background
W pre-edge line
W post-edge line
W Normalized
W Derivative
Emin: |-200

Emax:

HINT: Athena is highly configurable — see the Preferences dialog in the Setting menu

W Add a linear term after e0
B Weights between 0 & 1

Fit this group
Fit all combinations
Fit marked groups

[ Force weights to sum to 1
Write a report

B All standards use same el Marked fits report
Use marked groups | Plot data + sum

Add noise |[] to data

Use at most I-i :I‘EI standards

Flot data + sumin R
Make

Mak

m

Document section: Linear combination fitting

& 2 & 3

File Edit Group Values Plot  Mark Data Merge A Settings  Help
[ Athera Ep. Y Y | Linear combination fitting (afu]i] |
File Edit Group Values Plot  Mark Data Merge Settings Help
_____________ Unknown: Mo2C_Fresh T MoD3 STD
Project Linear combination fit - B
Peak fit Fitting range: |—20 X to |10[] x| W Plot components? I Ma2C_STD
C”"E"T’m"” EE;RM Fitting space: & norm(E) # derv(E) ® chi(k) B Plot difference? | I [Mo2C_Fresh
File
Diffe ’
z | Edee Kk —| Eshin [ \mpm‘tancﬁ‘]l_rejfe 2pecin Standards spedral Fit results | Combinatorics | : H2_XANES
C0O2_H2_XANES
Background removal Show additional parameters |StarldamlS |Weig".It |eU |ﬁt? |req' i F COD2 XANES
B[ A mme [ A 1 [1:Mo03_STD =||os00 fo3s W ® T
weweignt [ Eagestep: [ LT wisien 2 [ MozC_sTD Zlfoseo [1647 ®m @ || m coz_cha xanes
Pre-adge range I ¥ to S| :
Naormalization range'l ¥ to | e 'j: MNone j IU IU | . ¥ MoFoil_Standard
Spline range [ I ¥ to | 4 I[J: T j IU I H s
E: | ¥ to | -
Forward Fourier transform 2 |0: None d |U | 4 X E k R q kq
k-range: | Al to | Al #*0 # 1 .2 — Options — Operations
vl Plotting optio ~

v

Plotting options

Return to the main window

E|k|R|q|stack||nd|PF|

B mu(E) e
W background

W pre-edge line

B post-edge line

M Normalized &
W Derivative =

Emin: |-40 Emax: I?[]

plotting in energy from group "H2_XANES' .. done!
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Results of Linear Combination Fitting

CO, CO/CH, CH, CO/CO,
* Mo,C can cycle between a 7/ -/

reduced and oxidized state Carbide <:>' Oxy-Carbide
during CO, reduction

— Mo,C Data
Percent Mo,C | Percent MoO; | Percent MoO3 =~ 15 ;mgggg';m
= —— MoO, Standard
Fresh ; —— MoO, Standard
Reduced 84.0 0 16.0 2 10
CO, 71.0 14.8 14.2 g
g 05—
‘ CO, + H; 74.8 22.1 3.1 ‘ 5
« Catalyst maintains a carburized 00 —=F—T——1

19950 20000 20050 20100

state during reaction Energy (eV) -



&2 COLUMBIA UNIVERSITY
IN THE CITY OF NEW YORK

Mechanisms for CO, Activation

OQC\ Bimetallic Supported Catalysts

=0
O c 1) Metal Function H H G=
: I

SN O >

2) Support Function

Active metal and oxide support both must play arole
Molybdenum Carbide

O 1) Direct Reaction C=0 2) Hydrogenation H,O

to HD OF )

Mo,C is a dual functional catalyst

[1] C.S. Chen, et al., Catal. Lett. 68 (2000) 45-48. 39
[2] M.D. Porosoff, et al., Angew. Chemie Int. Ed., (2014). [3] S. Posada-Perez, et al., Phys. Chem. Chem. Phys. 16 (2014)14912-14921.
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Summary of CO, Activation

* Mo,C is bifunctional and highly active for CO, reduction
« Structure of Mo,C confirmed using XRD and EXAFS
* Mechanism over Mo,C is different than bimetallic catalysts

« Linear combination fitting analysis indicates that Mo,C directly
participates in the reaction through oxidation-reduction

CO, CO
7

<— Mo
C

S
CO, CH,
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