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Abstract

Kinetic and isotopic measurements for catalysts and conditions that rigorously excluded transport and thermodynamic artifa
a common sequence of elementary steps for reactions of CH4 with CO2 or H2O and for its stoichiometric decomposition on Ni/Mg
catalysts. Turnover rates for forward reactions of CH4/CO2 and CH4/H2O mixtures were proportional to CH4 pressure (5–450 kPa) an
independent of the partial pressure of the CO2 or H2O coreactants (5–450 kPa). These turnover rates and their first-order rate consta
activation energies are also similar to those measured for CH4 decomposition, indicating that these reactions are mechanistically equiv
and that C–H bond activation is the sole kinetically relevant step in all three reactions. These conclusions were confirmed by
CH4/CD4 kinetic isotope effects (kH/kD = 1.62–1.71) for reforming and decomposition reactions and by undetectable H2O/D2O isotopic
effects. The kinetic relevance of C–H bond activation is consistent with the relative rates of chemical conversion and isotopic m
CH4/CD4/CO2 mixture and with the isotopic evidence for the quasi-equilibrated nature of coreactant activation and H2 and H2O desorption
obtained from reactions of CH4/CO2/D2 and12CH4/12CO2/13CO mixtures. These quasi-equilibrated steps lead to equilibrated water
shift reactions during CH4 reforming, a finding confirmed by measurements of the effluent composition. These elementary steps pro
a predictive model for carbon filament growth and identify a rigorous dependence of the carbon thermodynamic activity on variou
and thermodynamic properties of elementary steps and on the prevalent concentrations of reactants and products, specifical
PCH4PCO/PCO2 (or PCH4PH2/PH2O) ratios. These mechanistic features on Ni surfaces resemble those previously established for s
noble metal catalysts (Rh, Pt, Ir, Ru). These direct measurements of C–H bond activation turnover rates allowed the first direct an
comparison of the reactivity of Ni and noble metal catalysts for CH4-reforming reactions, under conditions of strict kinetic control and
relevant commercial practice and over a wide range of compositions and metal dispersions.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

CH4 reactions with CO2 or H2O on Group VIII metals
form synthesis gas precursors to valuable fuels and ch
icals, as first shown by Fischer and Tropsch [1]. Indus
practice relies on Ni catalysts, because of cost and a
ability concerns about noble metals. Ni-based catalysts ten
to form unreactive carbon residues that block active s
and catalyst pores, and which lead ultimately to the
mation of carbon filaments and to the elution of Ni crys-
tallites from catalyst pellets and reactors [2–4]. Carbon
ament formation pathways arealso of significant interes
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for the on-purpose synthesis of carbon nanotubes cata
by metal particles [5–7]. Detailed molecular-level pathw
for conversion of CH4 to H2/CO mixtures and carbon, an
even their kinetic response to reactant concentrations
main controversial and often contradictory, even after m
studies [8–28]. Kinetic measurements are often corru
by ubiquitous concentration and temperature gradien
the high temperatures required for these endothermic r
tions, which require the activation of strong C–H bonds,
by significant but often unrecognized contributions from
verse reactions as reactions approach equilibrium.

The prevailing controversies are illustrated by the br
range of disparate rate equations for CH4 reforming shown
in Table 1. For instance, a complex rate equation, purpo
to resolve previous contradictory results on Ni-based c
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Table 1
Proposed rate expressions for CH4-reforming reactions on Ni-based catalysts

Rate expression Coreactant Catalyst Refs

r = kPCH4 H2O Ni/Kieselguhr [8]

r = kPCH4

1+ a[PH2O/PH2] + bPCO
H2O Ni foil [9]

r = a/P 2.5
CH4

(PCH4PH2O − PCOP 3
H2

/b)/α2 + c/P 2.5
CH4

(PCH4PH2O − PCOP 3
H2

/d)/α2 H2O Ni/MgAl2O4 [13,14]a

r = aPCH4PCO2

bPCOP
(4−x)/2
H2

+ (1+ cPCH4)PCO2

CO2 Ni/TiO2, Ni/MgO, Ni/SiO2 [16]

r = kPCH4PCO2

(1+ KCH4PCH4)(1+ KCO2PCO2)
CO2 Ni/Al 2O3, Ni/CeO2–Al2O3 [20]

r = aP CH4PCO2

bP CH4PCO2 + cPCH4 + dPCO
CO2 Ni/La2O3 [23]

a α = 1+ KCOPCO + KH2PH2 + KCH4PCH4 + KH2OPH2O/PH2.
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lysts [13,14],

rCH4 = a

P 2.5
H2

(
PCH4PH2O − P 3

H2
PCO

b

)/[α]2

(1)+ c

P 3.5
H2

(
PCH4P

2
H2O − P 4

H2
PCO2

d

)/[α]2,

[α] = [1+ KCOPCO + KH2PH2 + KCH4PCH4

+ KH2OPH2O/PH2],
and widely used [29,30], predicts infinite rates at the re
tor inlet and substantial surface coverages by chemiso
O atoms and by molecularly adsorbed H2, CH4, and CO at
temperatures well above those required for their desorp
or dissociation. CO2 reforming of CH4 was proposed to oc
cur via reversible CH4 and CO2 dissociation to form CHxO
[16] as the most abundant reaction intermediate, and4
activation and CHxO decomposition as kinetically releva
steps to give the rate equation:

(2)r = aPCH4PCO2

bPCOPH2
(4−x)/2 + (1+ cPCH4)PCO2

.

These conflicting rate equations and reaction pathw
led us to collect and interpret kinetic data that rigorously
clude transport and thermodynamic artifacts and to carry
isotopic studies to probe the reversibility and kinetic re
vance of specific elementary steps. In doing this, we h
developed a unified treatment of CH4 reactions with H2O or
CO2, CH4 decomposition, and water–gas-shift reactions
well as mechanism-based rate equations for CH4-reforming
reactions. Here, we postulate and confirm via indepen
measurements a catalytic sequence that reveals a rig
and intrinsic kinetic and mechanistic equivalence am
these reactions. We also provide rigorous evidence for
sole kinetic relevance of C–H bond activation steps and
the equilibrated nature of all elementary steps involved
water–gas-shift catalytic sequences. These elementary
and their kinetic relevance resemble those recently dem
strated also on noble metal catalysts [31–34], attesting to
s

s

generality of the kinetic conclusions. These steps also
vide a rigorous and accurate kinetic framework for dynamic
treatments of carbon deposition and filament formation d
ing high-temperature CH4-reforming and decomposition re
actions on Ni crystallites [35]. Finally, we report here t
first rigorous comparison of CH4-reforming turnover rate
on Ni and noble metal (Pt, Ir, Rh, Ru) surfaces under dem
strated kinetic control, corrected for approach to equi
rium, and under conditions of relevant industrial practice.

2. Experimental methods

Ni/MgO-A (7 and 15 wt%) and Ni/MgO-B (7 wt%) wer
prepared by incipient wetness impregnation of MgO-A (p
pared as described below) or MgO-B (Alfa, CAS 1309-48
with an aqueous Ni(NO3)2 · 6H2O (Alfa, 99.9%) solution
and subsequent drying at 393 K in ambient air and tr
ment in flowing dry air (Airgas, UHP, 1.2 cm3/(g s)) as the
temperature was increased at 0.167 K/s to 923 K and held
for 5 h. Samples were then treated in H2 (Airgas, UHP, 50
cm3/(g s)) by heating to 1123 K at 0.167 K/s and holding
for 3 h. MgO-A powders were prepared by sol–gel meth
using supercritical drying, a procedure that leads to MgO
crystallites of small and uniform diameter and to high
timate dispersion of Ni metal clusters [36]. In this sol–g
method, Mg(OH)2 was first obtained by hydrolysis of 0.4 M
aqueous MgCl2 (Aldrich, > 98 wt%) at pH 10, maintaine
by controlled addition of 14.8 M NH4OH. Precipitates were
filtered and washed with deionized water until Cl ions w
no longer detected in the eluted water using AgNO3 (Cl− <

10 ppm). Powders were then washed three times with
hydrous ethanol (10 cm3/g-MgO), with acetone, which is
very soluble in liquid CO2, and then with liquid CO2 within
a supercritical dryer, where they were heated to 311–31
at 0.008 K/s while the CO2 pressure was increased to 8.
8.9 MPa to reach the critical point (304.5 K, 7.6 MPa). T
pressure was then released to vaporize CO2 directly from its
supercritical state and the sample treated at 923 K for
in flowing dry air (Airgas, UHP, 1.2 cm3/(g s)) by heating



372 J. Wei, E. Iglesia / Journal of Catalysis 224 (2004) 370–383

for
n-

ere
Cor-
nic
-line
g

m-
l
tion

from
)
e

and
k-
e
een
a-
sion
].

50–

ow-
O
and
stem
-

ed
d
es
n-

sure
g a

A
me
on,
from

ea
were
re
to

ate
ob

CH

ed
mic

t,

re
r ef-

y
7–20
ntra-
re

,
and

artz
nce
ec-
3 h
.5 h.

nd
e
t

f

,

at 0.167 K/s. Synthesis procedures for the supports used
Ru [31], Pt [32], Ir [33], and Rh [34] catalysts and their sy
thesis procedures have been reported elsewhere.

Reduction studies of supported NiO precursors w
carried out in a Quantasorb analyzer (Quantachrome
poration) using thermal conductivity detection, electro
mass-flow controllers, a programmable furnace, and on
molecular sieve traps to remove the water formed durin
reduction. Samples (0.1 g) were reduced in 20% H2/Ar
(0.67 cm3/s, Matheson UHP, certified mixture) as the te
perature increased to 1123 K at 0.167 K/s. The therma
conductivity response was calibrated using CuO reduc
(Aldrich, 99.995%).

Ni metal dispersion was measured on fresh samples
uptakes of strongly chemisorbed H2 at 313 K (3–50 kPa
using a Quantasorb chemisorption analyzer (Quantachrom
Corp.), after reducing samples ex situ at 1123 K for 3 h
then at 873 K for 0.5 h within the adsorption cell. A bac
sorption isotherm was measuredby repeating this procedur
after evacuation at 313 K for 0.5 h. The difference betw
chemisorption and backsorption isotherms was used to me
sure strongly chemisorbed hydrogen uptakes; Ni disper
was calculated using 1:1 H:Ni titration stoichiometry [16

Rates of CH4–CO2 and CH4–H2O reforming and of
CH4 decomposition were measured on catalyst pellets (2
425 µm) diluted with inertγ -Al2O3 powders (5/25 mg);
these pellets were then mixed with acid-washed quartz p
der (500 mg; 250–425 µm) in packed catalyst beds. C2-
and H2O-reforming rates were measured at 823–1023 K
100–1500 kPa total pressure using a microreactor sy
previously described [31]. Reactant concentrations were in
dependently varied using 50% CH4/Ar (Matheson UHP) and
50% CO2/Ar (Matheson UHP) certified mixtures (meter
by electronic controllers) and a pure H2O stream (introduce
with a syringe pump; ISCO Model 500D). All transfer lin
after H2O introduction were kept at 500 K to avoid conde
sation. Reactant and product concentrations were mea
with a Hewlett-Packard 6890 gas chromatograph usin
Carboxen 1000 packed column (3.2 mm× 2 m) and ther-
mal conductivity detection.

CH4 and CD4 decomposition rates on 7 wt% Ni/MgO-
were measured from dihydrogen and methane isotopo
concentrations by mass spectrometry (Leybold Infic
Transpector Series). Reactant mixtures were prepared
50% CH4/Ar (Matheson, certified mixture) or CD4 (Isotec,
chemical purity> 99.0%) and Ar (Airgas, UHP). CH4 and
CD4 mass fragments at 15 and 18 amu were used to m
sure their respective concentrations, and 2 and 4 amu
used for H2 and D2, respectively. Decomposition rates we
extrapolated to the time of initial contact with methane
obtain initial rates before significant carbon formation. R
constants were obtained from reaction rates using the
served linear dependence of decomposition rates on4
pressure.

Isotopic tracer studies on 7 wt% Ni/MgO-A were carri
out using a transient flow apparatus with short hydrodyna
d

r

-

-

Fig. 1. TPR profile of 7 wt% Ni/MgO-A and Ni/MgO-B (100 mg catalys
20% H2/Ar at 0.67 cm3/s, temperature increased to 1123 K at 0.167 K/s).

delays (< 5 s). Chemical and isotopic compositions we
measured by mass spectrometric analysis of the reacto
fluent (Leybold Inficon, Transpector Series). CD4 (Isotec,
chemical purity> 99.0%), D2O (Isotec, chemical purity
> 99.0%), and 5% D2/Ar and13CO (Isotec, chemical purit
> 99.0%) were used as reactants. Intensities at 15 and 1
amu were used to measure methane isotopomer conce
tions. CH4 and CD4 standard fragmentation patterns we
measured, and those for CHD3, CH2D2, and CH3D were
calculated using reported methods [37]. Intensities at 18, 19
and 20 amu were used to determine water isotopomers
those at 28, 29, 44, and 45 amu to measure12CO, 13CO,
12CO2, and13CO2 concentrations, respectively.

Carbon formation rates were measured during CH4 re-
forming at 873 K using a tapered-element oscillating qu
element (Ruprecht & Patashnick, 1500 pma) microbala
while continuously monitoring the effluent by mass sp
trometry. Samples (30 mg) were reduced at 1123 K for
and then again within the balance chamber at 873 K for 0

3. Results and discussion

3.1. Catalyst characterization

Fig. 1 shows reduction rates for 7 wt% Ni/MgO-A a
7 wt% Ni/MgO-B in H2 during temperature ramping. Th
reduction profile of 15 wt% Ni/MgO-A is similar to tha
of 7 wt% Ni/MgO-A. Only ∼ 28.2, 46.3, and 43.4% o
the Ni atoms in the samples are reduced to Ni0 after treat-
ment at 1123 K for 7 wt% Ni/MgO-A, 15 wt% Ni/MgO-A
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Table 2
Extent of reduction, dispersion, and average crystal size for Ni/MgO catalysts

Catalyst Percentage reduction (%)a Dispersion (%)b Average particle size (nm)c

7 wt% Ni/MgO-A 28.2 14.8 6.7
15 wt% Ni/MgO-A 46.3 9.6 10.4
7 wt% Ni/MgO-B 43.4 9.3 10.8

a The fraction of the reduced Ni atoms to the total Ni atoms.
b The fraction of the surface Ni atoms from H2 chemisorption to the reduced Ni atoms.
c Estimated from fraction Ni dispersion usingD = 1/d [38].
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Fig. 2. Net CH4 reaction rate for H2O–CH4 reaction as a function of time
on stream on 7 wt% Ni/MgO-A (973 K, 33 kPa CH4, 33 kPa H2O, balance
Ar, η = 0.2).

and 7 wt% Ni/MgO-B, respectively, while the remaining
atoms remain unreduced within NiO–MgO solid solutio
[38,39]. The number of exposed Ni surface atoms in th
three reduced samples is reported as their fractional dis
sion in Table 2, defined as the number of exposed Ni ato
measured by H2 chemisorption, divided by the number
reduced Ni atoms.

3.2. Kinetic dependence of forward CH4 reaction rates on
reactant and product concentrations

CH4 reaction rates were measured on Ni/MgO cataly
in the absence of detectable deactivation and of transport o
thermodynamic corruption of rate measurements. For 7 w
Ni/MgO-A, all kinetic measurements were carried out at
fluent PCH4PCO/PCO2 ratios below 4 kPa, which as show
later, led either to undetectable or to catalytically irrelev
carbon formation rates.

Fig. 2 shows CH4 reaction rates during H2O–CH4 reac-
tions at 973 K as a function of time on stream on 7 w
Ni/MgO-A. CH4 reaction rates remained constant for 100
Transport artifacts were ruled out by dilution of the catal
pellet with inert Al2O3 and dilution of the catalyst bed wit
-

Fig. 3. Net CH4 turnover rates versus residence time for CH4–H2O reaction
on 7 wt% Ni/MgO-A at 873 K ((!) 10 mg catalyst diluted with 100 m
Al2O3 within pellets, then diluted with 500 mg ground quartz, pellet s
250–425 µm; (Q) 10 mg catalyst diluted with 50 mg Al2O3 within pellets,
then diluted with 500 mg ground quartz, pellet size 250–425 µm; (P) 10 mg
catalyst diluted with 50 mg Al2O3 within pellets, then diluted with 500 m
ground quartz, pellet size 63–106 µm, extrapolation of the dash line to zer
residence time gives forward CH4 turnover rate).

ground quartz. The absence of intraparticle and bed tr
port artifacts was confirmed by similar CH4–CO2 reaction
rates measured as the pellet size (250–425 vs 63–106
or the extent of dilution within pellets (5:1 to 10:1) w
varied (Fig. 3). Fig. 3 shows net CH4 turnover rates (nor
malized by exposed Ni atoms) for CH4–CO2 reactions at
873 K as a function of residence time. Residence time
fects on CH4 turnover rates reflect reactant depletion and th
approach to thermodynamic equilibrium for reforming re
tions. Forward reforming rates can be rigorously obtai
from measured net rates using an approach to equilib
parameter (η) evaluated from CH4–CO2 and CH4–H2O ther-
modynamic reaction data [40] and measured reactant
product partial pressures:

(3)η1 = [PCO]2[PH2]2
[PCH4][PCO2]

1

KEQ1
,

(4)η2 = [PCO][PH2]3 1
.
[PCH4][PH2O] KEQ2
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Fig. 4. Effect of CH4 (a) and H2O (b) partial pressure on forward CH4 reaction rate for CH4–H2O reaction on 7 wt% Ni/MgO-A (873 K, balance He, avera
pressure is the average of inlet and outlet pressures of the reactor).

Fig. 5. Effects of CH4 (a) and CO2 (b) partial pressure on forward CH4 reaction rate for CO2 reforming of CH4 on 7 wt% Ni/MgO-A (balance He, averag
pressure is the average of inlet and outlet pressures of the reactor).
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In these expressions,[Pj ] is the average partial pressure
speciesj (in atm); it is also used to correct for reactant d
pletion.KEQ1 andKEQ2 are equilibrium constants for CH4–
CO2 and CH4–H2O reactions, respectively;η values ranged
from 0.05 to 0.20 in this study. Forward turnover ratesrf )
are given by [41]

(5)rf = rn/(1− η),

wherern is the net CH4 conversion turnover rate. The cur
shown in Fig. 3 represents rates predicted from this exp
sion and the first-order dependence of reaction rates on4
concentration reported below.

CH4–H2O reaction rates at 873 K and CH4–CO2 reac-
tion rates at 823 and 873 K and 100–1500 kPa total rea
pressures are shown as a function of CH4 and coreactan
pressures in Figs. 4 and 5, respectively. For both react
t

,

forward CH4 reaction rates increasedlinearly with increas-
ing CH4 pressure (5–450 kPa, Figs. 4a and 5a), but t
were not influenced by H2O or CO2 pressures (5–450 kP
Fig. 4b). Figs. 4 and 5 also show that forward CH4 turnover
rates using CO2 and H2O coreactants are identical to ea
other within experimental accuracy at any given CH4 pres-
sure. These rates also resemble initial CH4 decomposition
rates (Table 2, Fig. 6).

H2 (0–20 kPa) and CO (0–10 kPa) products added
CH4–CO2 or CH4–H2O reactant mixtures influenced n
CH4 conversion rates at 873 K, but forward rates were u
fected (Fig. 7), indicating that H2 and CO influenced only th
extent to which reforming reactions approach equilibriu
but not the kinetics of forward CH4-reforming reactions
Thus, previously reported inhibition of CH4 reaction rates
by products may reflect unrecognized contributions fr
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Fig. 6. CH4 decomposition rate as a function of time on stream on 7 w
Ni/MgO-A (873 K, 20 kPa CH4, 100 kPa total pressure, balance Ar).

reverse reaction rates [9,17,22]. CO adsorption entha
are 135 kJ/mol at low coverages (< 0.02) and much lowe
at higher coverages on Ni(100) [42]. These adsorption
thalpies indicate that CO coverages should be well be
0.01 monolayer at 873 K and even at equilibrium CH4 con-
versions. The lower adsorption enthalpies typically repo
for H2 (92 kJ/mol [43]) would make hydrogen coverag
even lower than for CO. Thus, competitive adsorption is
likely to influence the availability of metal sites for CH4
activation and reported inhibition effects predominately
flect contributions from reverse reactions.

These kinetic responses to reactant and product con
trations are consistent with rate-determining CH4 activation
steps on surfaces essentially free of reactive intermed
or coadsorbed products. CH4-derived chemisorbed interme
diates appear to be readily removed via reactions with C2
or H2O coreactants; as a result, the identity and concen
tion of coreactants become kinetically irrelevant and forward
rate data for both CH4–CO2 and CH4–H2O reactions are ac
curately described by

(6)rf = kPCH4,

with similar rate constants for the two coreactants (Tabl
and even for stoichiometric CH4 decomposition reactions
These results and conclusions are similar for the three
catalysts in this study and for a wide range of reaction co
tions relevant to industrial practice (823–1023 K; 5–450 k
CH4, CO2, or H2O pressures). The similar rate consta
Fig. 7. Effect of H2 (a) and CO (b) partial pressures on forward CH4 reaction rate for CH4-reforming reactions on 7 wt% Ni/MgO-A (873 K, 20 kPa CH4,
20 kPa CO2 or H2O, 100 kPa total pressure, balance He).

Table 3
Forward CH4 reaction rates, rate constants, preexponential factors, activation energies, and kinetic isotopic effect (KIE) for CH4 reactions on 7 wt% Ni/MgO-A
(873 K, 20 kPa CH4, 25 kPa CO2 or H2O, 100 kPa total pressure, balance Ar)

Coreactant Turnover rate (s−1) Rate constant (s−1 kPa−1) Activation energy (kJ/mol) Preexponential factor (s−1 kPa−1) KIE

Measured Estimatedb

CO2 4.0 0.20 105 3.8× 105 5.5× 103 1.62
H2O 4.1 0.20 102 2.5× 105 5.5× 103 1.66
None 3.8a 0.19 99 1.6× 105 5.5× 103 1.71

a Initial CH4 turnover rate on Ni surface.
b Calculated based on transition-state theory treatments of CH4 activation steps proceeding via an immobile activated complex [59].



376 J. Wei, E. Iglesia / Journal of Catalysis 224 (2004) 370–383

also
at
t in-
rs
may
en-

tions

con-

,

for
-
l

-
ds
-
men
H

ants
.

gies
CH
m

t
ea-

r-

bon
ytic
ind-

t ef-
n-

also
-
lysts

nd Ir
m-
face

Ni
nre-
g
iden-
ween
rates
on

ce
f the
era-

icted
m-
ated
tion
ical
y un-
tead

ial
Co-
,

w
me-
xt
that
iva-

a-

nd
e
H
a

Fig. 8. Arrhenius plots for CO2 reforming (F), H2O reforming (E), and
CH4 decomposition (P) rate constants on 7 wt% Ni/MgO-A.

on 7 wt% Ni/MgO-A for H2O (kH2O) and CO2 (kCO2) re-
forming and CH4 decomposition (kCH4) in this temperature
range (Fig. 8) indicate that activation energies must
be similar for these three CH4 reactions (Table 3) and th
coreactants are required by stoichiometry, but they do no
fluence the dynamics of CH4-reforming reactions. It appea
that previous complex and contradictory rate equations
reflect varying and unrecognized contributions from conc
tration and temperature gradients or nonrigorous correc
for thermodynamic constraints.

The activation energies measured for first-order rate
stants for CO2 reforming (105 kJ/mol), H2O reforming
(102 kJ/mol), and CH4 decomposition (99 kJ/mol) resem-
ble those previously reported for CO2 reforming (e.g., 92
96, and 109 kJ/mol on Ni/MgO, Ni/SiO2, and Ni/TiO2) [44]
and H2O reforming (95 kJ/mol on Ni/Y-ZrO2 [45]) on Ni
catalysts and lie within a broad range of values reported
Ni supported on Al2O3 (74–118 kJ/mol [46–49]) and mod
ified Al2O3 (90–107 kJ/mol [17,50]). Density-functiona
theory led to activation energy estimates of 85 kJ/mol [51],
93 kJ/mol [52], and 100 kJ/mol [53] for C–H bond activa
tion of CH4 on Ni(111) surfaces, while embedding metho
led to slightly lower values (72 kJ/mol [54]). These theoret
ical estimates are in reasonable agreement with experi
and consistent with the conclusion that the dynamics of C4

reforming and decomposition reflect only the rate const
for C–H bond activation elementary steps on Ni surfaces

These experimental and theoretical activation ener
are, however, much greater than those measured for4
activation on Ni single crystals [55–58]. Molecular bea
studies led to activation energies of 52 kJ/mol [55] and
59 kJ/mol [56] on Ni(100). CH4 dissociation rates a
0.13 kPa and 450–600 K, from chemisorbed carbon m
sured by Auger electron spectroscopy, gave activation ene
t

gies of 52.7, 26.8, and 55.6 kJ/mol on Ni(111), Ni(100), and
Ni(110), respectively [57,58].

It is possible that dissolved or chemisorbed car
species form during initial contact with reactants in catal
reactions and titrate those sites with the highest carbon b
ing energy, which would also dissociate C–H bonds mos
fectively by stabilizing the required transition state. It is u
clear, however, why such passivation effects would not
influence reaction rates on model surfaces. Similar discrep
ancies between activation energies measured on cata
and model surfaces were observed on Rh [31], Pt [32], a
[33], for which CO oxidation rates before and after refor
ing reactions showed that the number of available sur
metal atoms remained unchanged during CH4-reforming re-
actions. Any unreactive carbon species that formed on
surfaces during initial contact with reactants must be u
active, because their concentration and therefore reformin
rates would otherwise depend on the concentration and
tity of coreactants. The reasons for these differences bet
steady-state catalytic rates on supported Ni clusters and
estimated from C–H bond activation kinetic parameters
single crystals remain unclear, but may reflect the presen
of specific defect sites on single crystals or the nature o
molecular beam experiments conducted on lower temp
ture surfaces.

Measured preexponential factors for CH4 activation steps
involved in CH4–CO2, CH4–H2O, and CH4 decomposi-
tion reactions are about 100 times greater than pred
from transition-state theory for immobile activated co
plexes (Table 3). These differences suggest that activ
complexes can undergo limited two-dimensional transla
in the time scale of C–H bond activation events at typ
reaction temperatures. Significant surface coverages b
reactive chemisorbed carbon species would have led ins
to smaller than predicted preexponential factors.

Catalytic reactions of CH4 with H2O or CO2 to form H2–
CO mixtures and stoichiometric CH4 decomposition to form
C* and H2 on Ni appear to depend only on the rate of init
activation of C–H bonds catalyzed by surface Ni atoms.
reactant activation is facile and CH4-derived intermediates
including reactive chemisorbed carbon, are kept well belo
monolayer coverages by their rapid reactions with inter
diates derived from CO2 or H2O coreactants. In the ne
section, we describe kinetic isotope effect (KIE) data
confirm the exclusive kinetic relevance of C–H bond act
tion steps in CH4–H2O, CH4–CO2, and CH4 decomposition
reactions on Ni/MgO.

3.3. CH4/CD4 kinetic isotopic effects

Kinetic isotope effects on 7 wt% Ni/MgO-A were me
sured for CO2 reforming from forward rates of CH4–CO2
and CD4–CO2 mixtures at 873 K, 25 kPa methane, a
25 kPa CO2. For H2O reforming, isotopic effects wer
measured from the corresponding forward rates for C4–
H2O, CD4–H2O, or CD4–D2O reactants at 873 K, 25 kP
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Fig. 9. Forward CH4 reaction rates with CH4/CO2 (F), CD4/CO2 (Q),
CH4/H2O (E), CD4/H2O (P), and CD4/D2O (") reactant mixtures on
7 wt% Ni/MgO-A (5 mg catalyst, 873 K, 25 kPa CO2 or H2O, 25 kPa CH4
or CD4, 100 kPa total pressure, balance Ar).

methane, and 25 kPa water. Both CH4–CO2 and CH4–H2O
reactions showed normal kinetic isotopic effects (Fig.
and these kinetic isotopic effects were identical for the
coreactants within experimental accuracy (Table 3). Fo
ward rates were similar within experimental accuracy
CD4–H2O and CD4–D2O reactants (Fig. 9), indicating th
neither water activation nor any steps involving adsor
species derived from water are kinetically relevant. Kine
isotope effects measured from initial CH4 and CD4 decom-
position rates resemble those for catalytic CO2 and H2O-
reforming reactions (Table 2), consistent with the equiva
rate-controlling steps proposed for the three reactions.

These isotope effects are very similar to those repo
previously for CH4 decomposition at 773 K on Ni/SiO2
(1.60) [60] and for CO2 reforming at 873 K on Ni/Al2O3

(1.45) [61]; they also resemble values we have recently
ported on Ru (1.40–1.51) [31], Pt (1.58–1.77) [32], Ir (1.7
1.81) [33], and Rh (1.54–1.60) [34] at 873 K. On these no
metals, we also observed similar kinetic isotope effects
H2O reforming, CO2 reforming, and CH4 decomposition
Some previous studies have reported similar CO2-reforming
rates with CH4 and CD4 reactants on Ni–La2O3 and Ni/SiO2

and proposed the significant involvement of CO2 activa-
tion and of chemisorbed oxygen in kinetically relevant st
[62–65]. These previous isotopic measurements were
ried out at near-equilibrium conversions; their interpretat
is inconsistent with the measured first-order dependenc
CH4, with the kinetic irrelevance of coreactant activatio
and with the isotope effects reported here on Ni/MgO. T
are likely to reflect isotope effects on equilibrium conv
sions, which are expected to be much smaller than isot
effects on reaction rates.
Similar H2O–CH4-reforming and CH4 decomposition
rates on Ni foil at 1073 K led previous studies to co
clude that only C–H bond activation steps limit over
H2O-reforming rates [12], as also previously proposed
CO2 reforming on Ni/Al2O3 without direct or specific evi
dence [15]. These conclusions are similar to those we re
here on the basis of more extensive experimental evide
Several other studies, however, have reported markedly
ferent conclusions. The kinetic misinterpretation of therm
dynamic isotope effects led previous studies to conclude
CO2 activation or reaction of chemisorbed carbon with o
gen limited overall reforming rates [63]. CO2 dissociation
[66] or its reaction with adsorbed CHx species [61] was
proposed to limit CO2-reforming rates. A kinetic analysi
[67] led one study to conclude that CH4 dissociation can
be reversible (a rigorous requirement as overall react
approach equilibrium), that more than one elementary
limited overall rates, and that chemisorbed oxygen was
volved in one or more of these limiting steps.

We note that the kinetic equivalence among CH4 reac-
tions, the specific dependence of rates on CH4 and coreac-
tant pressures, and the kinetic isotope effects reported
support the exclusive kinetic relevance of C–H bond a
vation and the lack of involvement of any species deri
from coreactants in rate-limiting steps during either CH4–
H2O or CH4–CO2 reactions. In the next sections, we provi
additional isotopic evidence for the reversibility and kine
relevance of several of the proposed elementary step
volved in these reactions.

3.4. Isotopic tracer studies ofthe reversibility of C–H bond
activation

If C–H bond activation is the only kinetically releva
step, it must be exactly as reversible as the overall C4-
reforming reaction, becausethe reaction affinity must b
identical for the overall reaction and for the rate-determinin
step [41]. The reversibility of C–H bond activation c
be measured from the rate of isotopic cross-exchange
ing CH4/CD4/CO2 reactions. Reversible C–H bond activ
tion steps would rapidly form CHxD4−x (0 < x < 4) iso-
topomers via the microscopic reverse of C–H bond a
vation steps; in contrast, methane isotopomers would f
much more slowly than chemical conversion products w
C–H bond activation steps are irreversible.

CH4/CD4/CO2 (1:1:2) mixtures were reacted on 7 wt
Ni/MgO-A at 873, 923, and 973 K and chemical and isoto
conversion rates were measured by on-line mass spectr
try after removing HxD2−xO at 218 K to avoid interferenc
among mass fragments for H2O, HDO, D2O species, and
deuterated methane isotopomers. CH4/CD4 cross-exchang
turnover rates, defined as the sum of the rates of formatio
CHD3, CH2D2 (taken twice), and CH3D, are compared with
chemical conversion turnover rates in Table 4. At 923
the methane chemical conversion rate is 8.8 s−1, about 17
times greater than the isotopic cross-exchange rate. Th
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Table 4
Methane chemical conversion rate and CH4/CD4 cross-exchange rate during CH4/CD4/CO2 reaction on 7 wt% Ni/MgO (12.5 kPa CH4 and CD4, 25 kPa
CO2, 100 kPa total pressure, balance Ar)

Reaction temperature (K) Methane chemical conversion turnover rate (s−1)a Cross exchange rate (s−1)b rexch/rreaction
c ηd

873 3.5 0.24 0.07 0.06
923 8.8 0.50 0.06 0.05
973 19.0 0.85 0.04 0.05

a Forward methane chemical conversion rate.
b Total methane isotopomers formation rate.
c Ratio of total methane isotopomers formation rate to the methane chemical conversion rate.
d η = ([PCO]2[PH2]2)/([PCO2][PCH4]K); approach to equilibrium for CO2-reforming reaction.
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proach to equilibrium for this reaction,η, estimated from the
prevalent concentrations of all reactants and products is
corresponding to the ratio of the forward reaction rate to
reverse reaction rate of 20, indicating that CHD3, CH2D2,
and CH3D isotopomers formed merely because the ove
reaction is reversible to some extent under the condition
the experiment. These data show that C–H bond activa
steps are exactly as reversible as the overall CH4–CO2 re-
action, as required by their rate-determining nature. Th
results and conclusions resemble those obtained from
ilar experiments on Ru [31], Pt [32], Ir [33], and Rh [34
Other studies [24,65,68] have assumed, without specific
idence, that C–H bond activation is reversible during C2

reforming. CO2 reforming [68] and partial oxidation [69
of CH4/CD4 mixtures on Ni/SiO2 showed that C–H bon
activation was reversible and that chemical conversion
CHxD4−x formation rates were similar, a conclusion th
merely indicates that the overall reaction was reversibl
the high chemical conversions inappropriately used in th
measurements (e.g., 84.7% at 973 K for CO2 reforming
[68]).

The H/D ratio in the dihydrogen formed during CO2

reforming of equimolar CH4–CD4 mixtures on 7 wt%
Ni/MgO-A at 873 K is 1.56. These data confirm the high
reactivity of CH4 relative to CD4 and the kinetic isotop
effect values measured from independent CH4–CO2 and
CD4–CO2 reactants (1.62). Dihydrogen molecules show
a binomial isotopomer distribution, indicating that reco
binative hydrogen desorption steps are quasi-equilibra
a conclusion confirmed by the isotopic data presen
next.

3.5. Isotopic probes of the reversibility of hydrogen and
hydroxyl recombination steps that form H2 and H2O

Some water forms during CO2 reforming of CH4 because
chemisorbed hydrogen (from CH4) reacts with chemisorbe
oxygen (from CO2) in an overall reaction that mimics th
stoichiometry of the reverse water–gas shift. This rea
tion and therefore all elementary steps required are qu
equilibrated during CH4 reforming with H2O or CO2, as
shown from the effluent concentrations measured unde
reaction conditions (Fig. 10). Thus, we expect that forma
,

-

,

Fig. 10. Extent of water–gas-shift equilibration at different reaction t
peratures as a function of space velocity on 7 wt% Ni/MgO-A
kPa CH4, 25 kPa CO2, 100 kPa total pressure, balance He,ηWGS =
([PCO][PH2O])/([PH2][PCO2]KWGS)).

and desorption of water occur via quasi-equilibrated elem
tary steps.

Dihydrogen and water isotopomers were measured by
line mass spectrometry during reactions of CH4/CO2/D2
(1:1:0.2) mixtures on 7 wt% Ni/MgO-A at 973 K. The H/D
fraction expected if all H atoms in chemically converted C4
molecules and all D atoms in D2 molecules contributed t
the pool of surface intermediates forming water and dihyd
gen is 3.81. Measured H/D ratios in water and dihydroge
molecules formed during CH4/CO2/D2 reaction were 3.66
and 3.90, respectively. Thus, complete equilibration oc
between dihydrogen and water molecules and their res
tive chemisorbed precursors. Isotopomer distributions
both water and dihydrogen were binomial (Fig. 11), con
tent with quasi-equilibrated recombination steps involv
H* and OH* to form water and H* and H* to form dihy-
drogen. The quasi-equilibrated nature of the steps form
water and dihydrogen, the rapid isotopic equilibration
CO–CO2 mixtures discussed below, and the expected e
librium for molecular adsorption of CO under these con
tions would require that water–gas-shift reactions also b
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Fig. 11. Distribution of dihydrogen (a) and water (b) isotopomers during reactions of CH4/CO2/D2 mixtures on 7 wt% Ni/MgO-A (973 K, 16.7 kPa CH4,
16.7 kPa CO2, 3.3 kPa D2, 100 kPa total pressure, balance Ar).
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equilibrium during CO2 and H2O reforming on Ni catalysts
as indeed found under all reaction conditions in this st
(Fig. 10).

3.6. Isotopic probes of reversible coreactant activation
steps

The reversibility of CO2 activation steps during CO2–
CH4 reactions was probed using12CH4/12CO2/13CO (1:1:
0.4) reactant mixtures on 7 wt% Ni/MgO-A at 973 K. Me
sured13C fractions were very similar in CO (0.24) and CO2
(0.23) molecules leaving the catalyst bed, even when
overall reforming reaction was far from equilibrium (η =
0.06). These13C contents reflect complete chemical and
isotopic equilibration between CO and CO2 molecules in
the contacting gas phase; they confirm that CO2 activation
steps are much faster than kinetically relevant C–H b
activation steps, and that CO2 dissociation to CO and oxy
gen occurs in both directions many times during each C4
chemical conversion turnover. CO2 activation steps are re
versible and quasi-equilibrated during CH4–CO2 reactions
and we conclude from kinetic analogies with CH4–H2O re-
actions that H2O activation steps are also reversible a
quasi-equilibrated during the latter reaction. This conclus
is consistent with the equilibrated nature of water–gas-s
reactions during steam reforming; it will be confirmed in
ture studies via18O isotopic tracing using CH4/H2

18O/C16O
reactants.

3.7. Elementary steps involved in CH4-reforming reactions

These isotopic tracing and exchange measurements
firmed the mechanism first proposed based on meas
kinetic effects of reactant and product concentrations
forward reaction rates. The sole kinetic relevance of C4
activation is consistent with the results of CH4/CO2/D2,
CH4/CD4/CO2, and12CH4/12CO2/13CO reactions. The qua
si-equilibrated nature of CO2 activation was confirmed b
the similar 13C fraction in CO and CO2 during 12CH4/
-

Scheme 1. Sequence of elementary steps for CH4-reforming and wa-
ter–gas-shift reactions on Ni-based catalysts (→ irreversible step,
quasi-equilibrated step,� reversible step,ki is the rate coefficient andKi

is the equilibrium constant for a given stepi).

12CO2/
13CO reactions. H2 and H2O form in quasi-equilibra

ted steps.
This evidence led us to consider the sequence of

ementary steps shown in Scheme 1, which accounts
H2O and CO2 reforming, CH4 decomposition, and water
gas-shift reactions and also provides steps required to
chemisorbed carbon precursors to carbon filaments.4
decomposes to chemisorbed carbon (C* ) via sequentia
elementary H-abstraction steps, which become faster a
H atoms are sequentially abstracted from CH4 reactants.
Density-functional theory led to an activation energy
142 kJ/mol for the first H-abstraction step in CH4 on Ni
clusters, which decreased to 25–40 kJ/mol for CH2 for-
mation from CH3 [70]. This cascade process leads to l
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Fig. 12. Forward CH4 turnover rates for CO2 (a) and H2O (b) reforming of CH4 on different metal clusters as a function of metal dispersion on var
supports (873 K, 20 kPa CH4, (Q) ZrO2, (") γ -Al2O3, (E) ZrO2–CeO2 as support, (!) MgO-A, (F) MgO-B).
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CHx
∗ coverages and to C* as the most abundant carbo

containing reactive intermediate. Chemisorbed carbon
then removed using CO2 or H2O as coreactants. These
ementary steps are consistent also with kinetic and isot
measurements on Ru [31], Pt [26], Ir [32], and Rh [33] ca
lysts. When exposed metal atoms (* ) are the most abunda
surface species, only the rate constant for the activatio
the first C–H bond in CH4 appears in the rate expression a
reaction rates become first order in CH4 and independen
of the presence or concentration of CO2 or H2O coreac-
tants. We note that these elementary steps provide path
for reactions of CH4 with either CO2 or H2O and also

for water–gas-shift reactions (H2O + CO
KWGS

CO2 + H2),
which have been typically, but inappropriately and nonrig
ously, treated as independent kinetic processes during4
reforming.

The general features of this sequence are in esse
agreement with previous mechanistic proposals on
ported Ni catalysts [21,59,71] and supported noble cata
[72,73], which lacked steps required for complete wat
gas-shift sequences and which did not provide direct
dence for the reversibility of the elementary steps [21,
It appears that some accumulation of unreactive ca
in some of these previous studies, possibly as a resu
transport restrictions, led to the incorrect conclusion
reactions between chemisorbed carbon and oxygen
CO2-reforming rates on Ni surfaces [21].

Detailed kinetic and isotopic tracer studies of CH4–H2O,
CH4–CO2, and CH4 decomposition and water–gas-shift
actions on noble metals (Rh, Ru, Pt, Ir) have been repo
elsewhere [31–34]. These studies also provided kinetic
isotopic evidence for the identity and reversibility of elem
tary steps involved in CH4-reforming reactions and for th
sole kinetic relevance of C–H bond activation and mec
nism equivalence among CH4-reforming and decompositio
s

l

reactions. Next, we compare measured C–H bond activa
turnover rates on noble metal (Rh, Ru, Pt, Ir) and Ni ca
lysts.

3.8. Effect of the identity of metal clusters on C–H bond
activation

Metal dispersion and support effects on forward C4
turnover rates for CH4–H2O, CH4–CO2, and CH4 decom-
position reactions were reported earlier on individual
ble metal catalysts (Rh, Ru, Pt, Ir) [31–34]. For each
ble metal, CH4-reforming turnover rates (normalized b
exposed metal atoms and corrected by their approac
equilibrium) increased with increasing metal dispersion,
they were not influenced by the support (Al2O3, ZrO2, and
ZrO2–CeO2) [31–34]. The demonstrated kinetic irrelevan
of coreactant activation implies that even when supports
alyze coreactant activation, they cannot influence overall re
action rates.

Fig. 12 shows forward CH4-reforming turnover rates wit
CO2 (Fig. 12a) and H2O (Fig. 12b) on supported Pt, Ir, R
and Ru catalysts with a relatively wide dispersion range
on the three Ni catalysts of this study. The exclusion
transport and thermodynamic artifacts, the rigorous cor
tion to the forward rates, and the measurement of rates
malized by the relevant exposed surface metal atoms m
these rate comparisons a rigorous reflection of the kin
reactivity of such metal surfaces. One previous compar
of reactivity was based on CH4 conversion during CO2 re-
forming for various metals on Al2O3 supports, but neithe
metal dispersions nor turnover rates were reported [74].
other study compared CH4 turnover rates on noble meta
supported on Al2O3–MgO and observed a reactivity ord
(Ru> Rh> Ir > Ni > Pt) [75], very different from the or
der reported here for both CO2–CH4 and H2O–CH4 reac-
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tions. These differences arise, at least in part, from dis
sion differences among the noble metal catalysts comp
in Ref. [75], which lead to marked differences in reactiv
(Fig. 12), and to varying approaches to equilibrium at
different CH4 conversions used in this previous comparis
The data shown in Fig. 12 appear to be the first rigor
comparison of the C–H bond activation rates on suppo
noble metal and Ni clusters over a common dispersion ra
Among these different metal clusters, Pt clusters show
most reactive surfaces for C–H bond activation.

3.9. Mechanistic implications for the dynamics of carbon
filament formation during CH4 reforming and
decomposition

Here, we discuss briefly the implications of the propo
CH4 reaction mechanism for kinetic treatments of filam
tous carbon formation. All rate constants and steps refe
those in the Scheme 1. The concentration (C* ) or thermo-
dynamic activity (aC∗ ) of chemisorbed carbon depends
prevalent pressures and on the rate and equilibrium
stants for individual elementary steps. A pseudo-steady-
analysis based on C* and* as the most abundant reactive
termediates gives

(7)aC∗ = kc

[
k1PCH4

K2k3K4PCO2

+ k−3PCO

K2k3K4PCO2

]
PCO.

When carbon removal by surface oxygen step (C∗ + O∗ k3
�
k−3

CO∗ + ∗) is quasi-equilibrated,

(8)k−3(CO) � k1(CH4),

Eq. (7) becomes

(9)aC∗ = kck1PCH4PCO

K2k3K4PCO2

= kPCH4PCO

PCO2

or

(10)aC∗ = kPCH4PH2

KWGSPH2O
= k′PCH4PH2

PH2O
,

in which PCH4PCO/PCO2 and PCH4PH2/PH2O are related
to each other by the water–gas-shift equilibrium const
thus, these two ratios are proportional to each othe
each given temperature. The thermodynamic carbon a
ity (aC∗) that provides the driving force for carbon filame
formation is proportional toPCH4PCO/PCO2 (or equivalently
PCH4PH2/PH2O).

Fig. 13 shows carbon formation rates as a function
these two ratios, which were varied by changing CH4, CO2,
or H2O partial pressures or the space velocity, as w
as by adding H2 during CH4–CO2 reactions at 873 K on
Ni/MgO-A and Ni/MgO-B catalysts. ForPCH4PCO/PCO2

ratios in the range of 1.1–4.5 kPa (PCH4PH2/PH2O ∼ 2.7–
11.0 kPa), carbon formation rates increased linearly wit
increasing carbon activity on 7 wt% Ni/MgO-A, irrespecti
of how these ratios were varied (e.g., residence time, C4
.

Fig. 13. Effect ofPCOPCH4/PCO2 or PH2PCH4/PH2O on carbon for-
mation rate on Ni/MgO-A and Ni/MgO-B at 873 K (PCOPCH4/PCO2 or
PH2PCH4/PH2O ratios were changed by varying CH4 and CO2 or H2O
partial pressures or space velocity during CH4/CO2 and CH4/H2O reac-
tions. (!,") CH4/CO2 reaction, (P,Q) CH4/H2O reaction, and (E) addi-
tion of H2 in CH4/CO2 reaction).

pressure, CO2 or H2O pressure, H2 addition). Electron mi-
croscopy detected the formation of hollow multiwalled c
bon nanotubes with diameters similar to those of the Ni c
tallites attached to their advancing tips. Comparing the
bon formation rate on Ni/MgO-A and Ni/MgO-B, we foun
that for a given value ofPCH4PCO/PCO2 or PCH4PH2/PH2O,
carbon formation rates (per surface Ni atom) increase
increasing Ni crystallite diameter, apparently as a resu
the more facile nucleation and lower thermodynamic c
bon activity for the larger carbon filaments prevalent in s
larger crystallites.

The observed linear dependence of carbon forma
rates on these two parameters is consistent with diffus
limited growth of filaments driven by a gradient in a
tivity between the exposed Ni surface and the car
filament [76,77], which increases asPCH4PCO/PCO2 or
PCH4PH2/PH2O increases. The rate of carbon formation fo
given value ofPCH4PCO/PCO2 or PCH4PH2/PH2O increased
with increasing Ni particle size, even though exposed Ni
face areas are lower and carbon must diffuse through la
Ni crystallites. These effects of crystallite size appear
reflect the lower carbon activityrequired to nucleate larg
filaments (thex intercept in Fig. 13) and the temperatu
dependence of the groupings ofkinetic and thermodynami
constants that relatePCH4PCO/PCO2 andPCH4PH2/PH2O to
the carbon thermodynamic activity. A more detailed tre
ment of filament formation rate and of parallel mechanis
for catalyst deactivation viaencapsulation of Ni particle

will be reported elsewhere [35].
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4. Conclusions

Isotopic studies and forward rate measurements le
a simple and comprehensive mechanistic picture for C4–
CO2 and CH4–H2O reforming, CH4 decomposition, and
water–gas-shift reactions on Ni-based catalysts. The m
anistic equivalence among CH4-reforming and decompos
tion reactions was confirmed by identical forward CH4 re-
action rates, rate constants, kinetic isotopic effect, and
vation energies measurements for the three CH4 reactions.
CH4 reaction rates were limited solely by C–H bond acti
tion steps and unaffected by the identity or concentratio
coreactants. Isotopic tracerand exchange studies confirm
that C–H bond activation is the only kinetically relevant s
and that it is exactly as reversible as the overall reforming
action. Isotopic evidence also showed that activation of2,
CO2, and H2O was reversible and quasi-equilibrated d
ing CO2 and H2O-reforming reactions of CH4. The rigorous
exclusion of transport artifacts and the accurate correctio
of net rates for thermodynamic constraints led to the
comparison of true turnover rates among Ni and noble m
catalysts. The elementary steps proposed and confirme
kinetic and isotopic evidence provide a rigorous basis
treating the dynamics of carbon formation during CH4 re-
forming. The thermodynamic activity of chemisorbed c
bon species, which provides the kinetic driving force for fi
ment formation, and the rate of carbon formation depend
early on the prevalentPCH4PCO/PCO2 (or PCH4PH2/PH2O)
ratios in the contacting gas phase.
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