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Introduction

Dry Reforming of Methane

COZ + CH4 — ZCO + ZHZ AH298 — +24‘7 k]/m()l

Side Reactions

Reverse water -gas shift CO,+H, =C0O+ H,0 AH,qg
Methane decom position CH, = C(s) + 2H, AH5qg
Boudouard reaction 200 = C(S) + COZ AH298

Equilibrium without Carbon Formation
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Introduction
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Ni-Pt. Atomic Layer Deposition
O 1 e Previous studies have shown Pt can

improve both stability (Figure A) and
activity (Figure B).

e Greater stability is attributed to a
reduction of the Nickel (Ni) ensemble
which reduces the rate of complete CH 4
decomposition to Carbon.

e Improved activity is thought to be the
result of Pt assisted NiO reduction which Time on stream (h)
enhances surface hydroxyl formation.
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Ni-Pt. Electroless Deposition R PLALD )
02 e Compared with ALD, ED can produce ; 160 Ni_:w
highly structured surfaces with greater = :Zz PLALD | 1w
potential for industrial scalability. 8 100 | ‘ s
e Platinum (Pt)is place directly on the g & | _— | _
Nickel (Ni) maximizing  bimetallic S 80 7 Niwp
interaction. = 27 T AL
e Final particle size and composition can — .
0

be controlled to a target specification.

T.D. Gould, M.M. Montemore , A.M. Lubers , L.D. Ellis, AW. Weimer, J.L. Falconer, J.W. Medlin, Appl. Catal . A: Gen. 492 (2015) 107-116.



Electroless Deposition (ED)
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Synthesis

Catalyst Weight | Weight | Atomic | Atomic | Ni/Pt Atomic
1D % Ni % Pt % Ni % Pt Ratio
Ni/y-Al,04 5.0 0 100 0 -
Ni@0.075Pt 5.0 0.2 98.8 1.2 82.3
Ni@0.4Pt 5.0 1.1 93.8 6.2 15.3
Ni@0.7Pt 5.0 1.9 89.8 10.2 8.8
Ni@1.0Pt 5.0 2.73 83.8 14.2 6.0
Pt/ y-Al,0, 0 3 0 100 0
Pt ED
Dry Impregnation (Precursor: H2PtCls, Reducing Agent: DMAB, Stabilizing Agent: Ethylene Diamine)
(N1(NOs)20n  y-AlO 3) 140 —¥—Ni@0.075Pt Nl
(1) 120 —#—Ni@0.4Pt
\ —o—Ni@0.7Pt _
_ 100 4 —A—Ni@1.0Pt Y Al2 03
£ .
l £, 1
§ oo
Ni Reduction ‘ * a0 - Pt Reduction
(600 °C) o0 o (300 °C)
(2) (3)
0 | | |
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Fresh Reduction Characterization

e | (@ 1.0P1 N @ 0. 7Pt e N[ (@ 0. 4P
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Niaplt1 (111) Pt (200) Eriir;w:ar: =—Ni@1.0Pt =N @0.7Pt
y NPt (101) _ NisPt; (200) weskly ——Ni@0.4Pt —Ni@0.075Pt
' | NPTy | | cound Ni A | 3Wt % Pt ——5Wt % Ni
Pt(111) Ni(111) | (110) 4 Ni (200) ptRich . Y
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Y Ni-Pt Alloy
‘ e XRD patters indicate the form ation ofa Ni-Pt alloy

with evidence ofcrystalline Pt sites.
“ © TPR results suggests that Pt assists the reduction of N1
compounds with a maximum difference of30 °C at 1
YV — Al203 monolayer Pt.
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Fresh Reduction Characterization

Fresh: Ni@0.4Pt

»i
.y

20 nm

n =145

L 4

Fresh: Ni@0.7Pt

N R IR L B N
Size (nm)
MEAN SD
6.0 3.6 Q
10.7 6.0
13.7 8.6

e Red: Alum inum ,Blue: Nickle, Yellow: Platinum Fresh: Ni@1.0Pt

e Arcview ofallcaptured images shows no

evidence ofmetallic Pt on the y-Al,05 support. a ~

e EDXsuggests autocatalytic deposition of Pt
formimg crystalline sites on Niseeds.

29nm : . 29nm

NOTE:“Fresh”notation imndicates samples were reduced in H2 at 600 °C (N1)and 300 °C (Pt).



Evaluation

High Temperature
Trials
(700 °C)

Goal

Active & Stable
Performance
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Post Reaction
Characterization

Low Temperature
Trials
(<625 °C)




CH, Conversion / (%)

Low Temperature Results (T
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e Time on stream plots (TOS)show stability at tem peratures

below 600 °C.

e Activity lossis permanent afterreturning to low
temperature conditions (25-35 vs 60+ hrs TOS).

o At low Ptloadings CHsconversion rates are increased

with an optimum between 0.075 and 0.4 monolayers.

14T 550 °C
1 = 12 -
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©
- ® 5wt % Ni g_ q
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[ mNi@0.4Pt e 21
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1000/T (K)
Catalyst Ni/Pt Atomic Ratio Ea' (KJ/mol) | Ln(A")
Swt% Ni - 122.2 19.7
Ni@0.075Pt 833 101.5 16.6
Nitw0.4Pt 14.3 86.2 15.0
Ni@@0.7Pt 8.8 05.8 16.0
Niiw1.0Pt 59 96.4 15.8
swioo Pt IS - :
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High Temperature Results (T=700 °C)
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5wt % Ni
——Ni@0.075Pt
_ —=—Ni@0.4Pt
10 - ——Ni@0.7Pt
—&—Ni@1Pt
3wt % Pt
0 A
0 10 20 30 40 50 60 70 80
TOS (hrs)
e Do Deactivation rate
Catalyst | Ni/Pt Atomic Ratio (mmol CEL h? gueiar )"
Swt% Ni - 121.2
Ni@0.075Pt 83.3 145.8
Ni@0.4Pt 14.3 205.2
Nii@0.7Pt 8.8 242.1
Nil@1.0Pt 5.9 262.8

©
n

0.45 -+
0.4 -
0.35 o
0.3 -
0.25 -+
0.2 -
0.15 -
0.1 -
0.05 o

Linear Deactivation (% CH4 Conv/hr)

o

e CH4/ CO,/He=1/1/2 fixed GHSV after 20 hours TOS.

e Pt shows anegative effect on pseudo steady state
CHsconversion.

e As Ptloading increases,deactivation rates over the
lmearregion also increase.
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Post Reaction Characterization

35

e Ni @ 1.0P1 e Ni@0. 7Pt Ni@0.4Pt
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Post Reaction Characterization

e N @ 0. 4P1: 700 C

pt(111) |
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e N @ 1.0Pt: 700 C
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Post reaction data collected after 20 hours TOS.
At 550 °C (Orange)spent patterns indicate that the
Ni-Pt alloy phase is maintained with some growth of

the crystalline Pt phase at higher Pt loadings.
igh temperature patterns (Red) show significant
shifts towards Al-Ni-Pt form ation with increasing Pt

50

Applying Vegard’s Law,calculated Ni/Pt atom ic ratios

ofthe alloyphase increase with both tem perature
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Post Reaction Characterization

hrs TOS.
Spent: Ni@0.7Pt

NOTE: “Spent” notation indicates samples were exposed to dry reforming for 80
Fresh: Ni@0.4Pt Spent: Ni@0M™Pt Fresh: Ni@0.7Pt

-

-

”

Fresh Ni@0.4Pt Spent Ni@0.4Pt

Fresh Ni@0.7Pt

48% Ni / 52% Pt

48.5% Ni/ 51.5% Pt 10.8% Ni / 89.2% Pt

34.9% Ni/65.1% Pt

Fresh: Ni@1.0Pt

Spent: Ni@1.0Pt

22.3% Ni | 77.7% Pt

e A
e
i
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Nickel Ni-Pt Alloy Platinum
Spent | Spent Spent | Spent Spent | Spent
Fresh | (550) | (700) | Fresh | (550) | (700) | Fresh | (550) | (700)
Swt % Ni 4.6 - 5 - - - - - -
R Ni@0.075Pt 4.6 - 6.3 - - - - - -
Size (nm) Ni@0.4Pt 4.5 5.7 6.2 6.9 7.4 5 7.6 - -
MEAN SD MEAN SD Ni@0.7Pt 4.1 6.5 6.1 6.7 7.5 4.8 8.5 20.8 21
Dn 6.0 3.6 Dn 8.5 2.7 Ni@1.0Pt 4.7 6.2 6.4 7.25 3.1 5.8 7.8 27.8 21
Ds 10.7 6.0 Ds 10.1 3.1 3wt % Pt - - - - - - 10.8 - 19.9
Dv 13.7 8.6 Dv 10.8 3.5
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Stability Conclusions
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50 e 5\W1t % Ni
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- —Ni@1.0Pt
92- 40 k 3Wt % Pt
9
7 Fy
(] 'g
2 30 - 0 8
o y =
O )
< 2
I - . ©
O 20 - 5wt % Ni =
) ——Ni@0.075Pt o«
1 —m—Ni@0.4Pt
10 4 ——Ni@0.7Pt
——Ni@1Pt
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0 +—+——— u i ; ; ! ! Temperature / (°C)
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TOS (hrs)
Catalvst | Ni/Pt Atomic Ratio | D¢dctivation rate | Coke formation e Elevated temperatures lead to separation ofthe Ni-
- (mmol CHy h? gpeca V)’ | (mmol C/gcqr) .
5wt% Ni _ 1212 3.54 (150°) Pt alloy forming large Pt ensem bles.
Ni@?0.075Pt 83.3 145.8 4.22 (150°¢) e Ptenhances CHs decomposition increasing the rate
Ni@0.4Pt 14.3 205.2 - of surface carbon form ation.
Nf"{fﬁ'ﬂ'wt 8.8 242.1 — e Nisintering stabilizes within the first 20 hours TOS
Ni@1.0Pt 5.9 262.8 6.99 (110°) . o . T
3wi% Pt _ 6774 7.21 (20) with minim alinfluence on long term deactivation.




Activity Conclusions

60

CH4 Conversion (%)

5wt % Ni
——Ni@0.075Pt

—=— Ni@0.4Pt

——Ni@0.7Pt

i ——Ni@1Pt

i 3wt % Pt
01" I - I B o B
0 10 20 30 40 50 60 70

e Above the 1sokinetic temperature (0)the
preexponential factor offsets the apparent

activation energy.

e [sokinetic temperature (625 °C)1s in close
proximity to the Ni1-Pt phase separation point

(630 °C).

e Literature suggeststhe compensation effect
results from a change in electronic structure.
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Final Thoughts

1.

Electroless deposition can place Pt directly on
Ni seed sites to form an alloy phase.

Ni-Pt alloys show thermodynamic instability
above 600 °C.

. Large Pt ensembles increase the rate of

surface carbon deposition increasing
deactivation rates.

. Differences 1n activities for the Ni1-Pt literature

can be explamned bya compensation effect
lllustrating the im portance of studying
kinetics across a wide tem perature range.

(17)
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Dry Reforming Applications

o Fuels
Fischer Py
Tropsch Lubricants
Raw Biogas
Alcohols
Hydroform ylation Esters
Detergents
Rem ote
Pretreatment > Reformer
Natural Gas
Methanol Linear
Synthesis Carbonates
Traditional
Natural Gas | _—
Direct DME
: Solvent
Synthesis Feedstock
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Ni@0O.7Pt Spent Samples

12.6% Ni / 87.4 %Pt

27.5% Ni [ 72.5 %Pt
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