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Introduction
(3)

Dry Reforming of Methane

Side Reactions

Reverse water -gas shift 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2 ⇌ 𝐶𝐶𝑂𝑂 + 𝐻𝐻2𝑂𝑂 𝛥𝛥𝐻𝐻298 = +41.2 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚
Me t h a n e  d e co m p o sit io n 𝐶𝐶𝐻𝐻4 ⇌ 𝐶𝐶 𝑠𝑠 + 2𝐻𝐻2 𝛥𝛥𝐻𝐻298 = +75 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚
Bo u d ou a rd re a c t io n 2𝐶𝐶𝑂𝑂 ⇌ 𝐶𝐶 𝑠𝑠 + 𝐶𝐶𝑂𝑂2 𝛥𝛥𝐻𝐻298 = −171 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶𝑂𝑂2 + 𝐶𝐶𝐻𝐻4 ⇌ 2𝐶𝐶𝑂𝑂 + 2𝐻𝐻2 𝛥𝛥𝐻𝐻298 = +247 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚
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Introduction
Ni -Pt: Atomic Layer Deposition
● Previous studies have shown Pt can 

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

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

● Improved activity is thought to be the 
result of Pt assisted NiO reduction which 
enhances surface hydroxyl formation. 

01

02 Ni -Pt: Electroless Deposition
● Compared with ALD,  ED can produce 

highly structured surfaces with greater 
potential for industrial scalability.

● Platinum (Pt) is place directly on the 
Nickel (Ni) maximizing bimetallic 
interaction.

● Final particle size and composition can 
be controlled to a target specification. 

(4)

T.D. Gould, M.M. Montemore , A.M. Lubers , L.D. Ellis, A.W. Weimer, J.L. Falconer, J.W. Medlin, Appl. Catal . A: Gen. 492 (2015) 107-116.
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Electroless Deposition (ED)
(5)



Pt ED 
(Precursor: H₂PtCl₆, Reducing Agent: DMAB, Stabilizing Agent: Ethylene Diamine)

Ni
Pt

Synthesis
(6)

Dry Impregnation
(Ni(NO₃)₂ on ℽ-Al₂O ₃)

(1)

Ni Reduction
(60 0  ℃)

(2)

Pt Reduction
(30 0  ℃)

(3)



Fresh Reduction Characterization

XRD

(7)

● XRD p a t t e rs  in d ica t e  t h e  fo rm a t io n  o f a  Ni-P t  a llo y 
w it h  e vid e n ce  o f c ryst a llin e  P t  s it e s . 

● TP R re su lt s  su g g e st s  t h a t  P t  a ss is t s  t h e  re d u c t io n  o f Ni 
co m p o u n d s w it h  a  m a xim u m  d iffe re n ce  o f 30  °C a t  1 
m o n o la ye r P t .

NiNi

𝛾𝛾 − 𝐴𝐴𝑚𝑚2𝑂𝑂3

Cryst a llin e  P t
Ni-P t  Allo y



Fresh Reduction Characterization
(8)

● Red: Alu m in u m , Blue: Nickle , Yellow: P la t in u m
● A re vie w  o f a ll ca p t u re d  im a g e s sh o w s n o  

e vid e n ce  o f m e t a llic  P t  o n  t h e  𝛾𝛾–𝐴𝐴𝑚𝑚2𝑂𝑂3 su p p o rt .
● EDX su g g e st s  a u t o ca t a lyt ic  d e p o sit io n  o f P t  

fo rm in g  c ryst a llin e  s it e s  o n  Ni se e d s.

MEAN SD
Dn 6.0 3.6
Ds 10.7 6.0
Dv 13.7 8.6

NOTE: “Fre sh ” n o t a t ion  in d ica t e s  sa m p le s  w e re  re d u ce d  in  H₂  a t  60 0  °C (Ni) a n d  30 0  °C (P t ).



Evaluation
(9)

Goal
Active & Stable
Performance

High Temperature 
Trials

(700 ℃)

Low Temperature 
Trials

(<625 ℃)

Post Reaction 
Characterization



Low Temperature Results (T ≤600 ⁰C)
(10)

550 ℃

● Tim e  o n  s t re a m  p lo t s  (TOS) sh o w  st a b ilit y a t  t e m p e ra t u re s  
b e lo w  60 0  ⁰C.

● Act ivit y lo ss  is  p e rm a n e n t  a ft e r re t u rn in g  t o  lo w  
t e m p e ra t u re  co n d it io n s (25-35 vs  60 + h rs TOS).

● At  lo w  P t  lo a d in g s CH₄ co n ve rsio n  ra t e s  a re  in c re a se d  
w it h  a n  o p t im u m  b e t w e e n  0 .0 75 a n d  0 .4  m o n o la ye rs .



High Temperature Results (T=700 ⁰C)
(11)

● CH₄/ CO ₂ / He  = 1 / 1 / 2 fixe d  GHSV a ft e r 20  h o u rs  TOS.
● P t  sh o w s a  n e g a t ive  e ffe c t  o n  p se u d o  s t e a d y s t a t e  

CH₄ co n ve rsio n .
● As P t  lo a d in g  in c re a se s , d e a c t iva t io n  ra t e s  o ve r t h e  

lin e a r re g io n  a lso  in c re a se . 



Post Reaction Characterization
(12)

Fresh TOS: 20 hrs
700 °C

High 
Temperature 

Evaluation

Low
Temperature

Stability

Transition Point
(630 ⁰C)

● P h a se  d ia g ra m  su g g e st s  Ni-P t  se p a ra t io n  a t  630  ⁰C.
● Sp e n t  XRD p a t t e rn s  (RHS) in d ica t e  a  sh ift  o f t h e  m a in  

a llo y p e a k (4 1 ⁰2θ) a n d  g ro w t h  o f b o t h  t h e  c ryst a llin e  
Ni a n d  P t  p h a se .

● Ad d it io n a l Al-Ni-P t  p e a ks a re  o b se rve d  in  sp e n t  
sa m p le s  in d ica t in g  P t  m ig ra t io n  o n t o  t h e  a lu m in a  
su rfa ce .



Post Reaction Characterization
(13)

● P o st  re a c t io n  d a t a  co lle c t e d  a ft e r 20  h o u rs  TOS.
● At  550  ⁰C (Ora n g e ) sp e n t  p a t t e rn s  in d ica t e  t h a t  t h e  

Ni-P t  a llo y p h a se  is  m a in t a in e d  w it h  so m e  g ro w t h  o f 
t h e  c ryst a llin e  P t  p h a se  a t  h ig h e r P t  lo a d in g s.

● Hig h  t e m p e ra t u re  p a t t e rn s  (Re d ) sh o w  sig n ifica n t  
sh ift s  t o w a rd s Al-Ni-P t  fo rm a t io n  w it h  in c re a sin g  P t  
lo a d in g .

● Ap p lyin g  Ve g a rd ’s  La w , ca lcu la t e d  Ni/P t  a t o m ic  ra t io s  
o f t h e  a llo y p h a se  in c re a se  w it h  b o t h  t e m p e ra t u re  
a n d  P t  co n ce n t ra t io n  (a llo y p h a se  b e co m e s Ni rich ).



Post Reaction Characterization
(14)

NOTE: “Spent” notation indicates samples were exposed to dry reforming for 80 hrs TOS.

MEAN SD
Dn 6.0 3.6
Ds 10.7 6.0
Dv 13.7 8.6

MEAN SD
Dn 8.5 2.7
Ds 10.1 3.1
Dv 10.8 3.5



Stability Conclusions
(15)

● Ele va t e d  t e m p e ra t u re s  le a d  t o  se p a ra t io n  o f t h e  Ni-
P t  a llo y fo rm in g  la rg e  P t  e n se m b le s .

● P t  e n h a n ce s CH₄  d e co m p o sit io n  in c re a sin g  t h e  ra t e  
o f su rfa ce  ca rb o n  fo rm a t io n .

● Ni s in t e rin g  s t a b ilize s  w it h in  t h e  firs t  20  h o u rs  TOS 
w it h  m in im a l in flu e n ce  o n  lo n g  t e rm  d e a c t iva t io n .



Activity Conclusions
(16)

● Ab o ve  t h e  iso kin e t ic  t e m p e ra t u re  (θ) t h e  
p re e xp o n e n t ia l fa c t o r o ffse t s  t h e  a p p a re n t  
a c t iva t io n  e n e rg y.

● Iso kin e t ic  t e m p e ra t u re  (625 ℃) is  in  c lo se  
p ro xim it y t o  t h e  Ni-P t  p h a se  se p a ra t io n  p o in t  
(630  ℃).

● Lit e ra t u re  su g g e st s  t h e  co m p e n sa t io n  e ffe c t  
re su lt s  fro m  a  ch a n g e  in  e le c t ro n ic  s t ru c t u re . 



Final Thoughts
(17)

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

2. Ni -Pt alloys show thermodynamic instability 
above 600 ℃.

3. La rg e  P t  e n se m b le s  in c re a se  t h e  ra t e  o f 
su rfa ce  ca rb o n  d e p o sit io n  in c re a sin g  
d e a c t iva t io n  ra t e s .

4 . Diffe re n ce s  in  a c t ivit ie s  fo r t h e  Ni-P t  lit e ra t u re  
ca n  b e  e xp la in e d  b y a  co m p e n sa t io n  e ffe c t  
illu s t ra t in g  t h e  im p o rt a n ce  o f s t u d yin g  
kin e t ic s  a c ro ss  a  w id e  t e m p e ra t u re  ra n g e .
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Dry Reforming Applications
(4 )

Ra w  Bio g a s

Re m o t e  
Na t u ra l Ga s

Tra d it io n a l 
Na t u ra l Ga s

P re t re a t m e n t Re fo rm e r

Hyd ro fo rm yla t ion

Me t h a n o l 
Syn t h e sis

Dire c t  DME 
Syn t h e sis

Fisch e r 
Tro p sch

Fu e ls  
& 

Lu b rica n t s

Alco h o ls  
Est e rs

De t e rg e n t s

Lin e a r 
Ca rb o n a t e s

Fu e ls
So lve n t

Fe e d st o ck



Ni@0.7Pt Spent Samples
(4 )

12.6% Ni / 87.4 %Pt 

27.5% Ni / 72.5 %Pt 
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