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Abstract

Partial oxidation of methane to hydrogen and carbon monoxide (POM) over a Ni/TiO2 catalyst has been investigated using a fixed-bed
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eactor. Ni/TiO2 catalyst has high initial activity but undergoes deactivation during POM. Activation of methane on Ni/TiO2 was studied b
mploying a pulse reaction technique in the absence of gas phase oxygen. Methane pulse reactions demonstrate that the meth
echanism changes as the nickel oxidation state changes over Ni/TiO2. CH4 is efficiently oxidized into CO and H2 via a direct oxidation
echanism when Ni/TiO2 is reduced; while CH4 may be converted by a non-selective oxidation process over oxidized Ni/TiO2.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Many studies on partial oxidation of methane (POM) have
een done and various viewpoints about it have been reported.
OM has been interpreted to proceed via a two-step reac-

ion pathway[1,2]. The complete oxidation of a part of the
ethane to carbon dioxide and steam occurs at first, and then

omes the second step of reforming of the remaining methane
ith carbon dioxide and steam to syngas. However, direct par-

ial oxidation of methane to syngas has also been suggested
y Hickman and Schmidt[3]. They proposed a mechanism
here methane was converted into carbon species on the cat-
lyst surface via a catalytical pyrolysis followed by oxidation
f the surface carbon and hydrogen desorption. So the mech-
nism of POM remains controversial. Therefore, a better un-
erstanding of the reaction mechanism and of the nature of

he active catalytic sites is required.

∗ Corresponding author. Tel.: +86 5792283907; fax: +86 5792282595.
E-mail addresses:wth3907@163.com (T. Wu),

lwan@xmu.edu.cn (H. Wan).

Mallens et al.[4,5] found differences using Rh versus
catalysts, in the selectivity toward CO and H2 during POM
These differences were attributed to the lower activation
ergy for methane decomposition on Rh versus that o
Mallens et al. suggested that the catalyst’s ability to
vate methane determines (1) the product distribution an
the concentration of active surface species of oxygen, ca
and hydrogen. Fathi et al.[6] studied the partial oxidation
methane to syngas over platinum catalysts and propose
the product distribution is determined by both the con
trations and the types of surface oxygen species pres
the catalyst surface. Qin et al.[7] suggested that the supp
might also influence the concentration of adsorbed ox
and, as a consequence, the activation of methane an
product distribution. Li et al.[8] studied the effect of ga
phase O2, reversibly adsorbed oxygen and oxidation sta
the nickel in the Ni/Al2O3 catalyst on CH4 decomposition
and partial oxidation using transient response techniqu
700◦C. They concluded that the surface state of the cat
affects the reaction mechanism and plays an importan
in POM conversions and selectivities. Li et al.[8] also argue
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.09.016
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that direct oxidation is the major POM route, and that the in-
direct oxidation mechanism cannot become dominant under
their experimental conditions.

TiO2 is a reducible metal oxide with several crystal
structures. Titanium possesses a variety of oxidation states.
Titania-supported metal catalysts have also been used for con-
verting methane into syngas. Ruckenstein et al.[9,10] used
13.6 wt.% Ni/TiO2 for POM and 1 wt.% Rh/TiO2 for reform-
ing methane with carbon dioxide to syngas. They found that
the 13.6 wt.% Ni/TiO2 catalyst was deactivated during the
POM. Zhang et al.[11] studied the reforming methane with
carbon dioxide to produce syngas over Rh catalysts supported
on TiO2, �-Al2O3, MgO, SiO2 and La2O3, and found that the
participation of TiO2 via a strong metal–support interaction
contributed to catalyst deactivation. Direct partial oxidation
of the methane to syngas occurs with the proper choice of the
Ru/TiO2 catalyst[12] according to transient experiments us-
ing isotope-labeled molecules. Braford and Vannice[13,14]
suggested that the metal–TiOx interaction promotes the cat-
alyst activity.

It has been well known that metal–support interactions
can affect both catalytic activity and stability[15,16]. TiO2-
supported Group VIII metal catalysts suppress carbon forma-
tion during the reforming of methane to syngas, presumably
due to the decoration of metal surfaces with TiOx species. The
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110◦C and calcination in air at 700◦C for 6 h. The nickel
loading was 8 wt.%.

2.2. Reactivity test of catalyst

Catalytic performance tests were carried out in a fixed
tubular quartz micro-reactor (200 mm length, 6 mm i.d.). A
500 mg catalyst sample was used for all runs. The reactor sys-
tem was purged first with nitrogen for 0.5 h, and then the cata-
lyst was reduced at 700◦C under pure hydrogen (10 mL/min)
for 1 h. The reactant (CH4/O2 (2/1)) was then introduced
to the reactor. Analyses of reactant/product mixtures were
achieved by a gas chromatograph (model 103G) with a TC
detector. A carbon sieve TDX-01 (packed column, 2 m length,
4 mm i.d.) column was used in order to separate hydrogen,
carbon monoxide, carbon dioxide, oxygen and methane. The
amount of carbon deposited on the catalyst was determined
by TG analysis.

2.3. Temperature-programmed reductions (TPR) and
pulse reactions

TPR and pulse reaction experiments were carried out in a
fixed-bed tubular quartz micro-reactor with an inner diameter
of 3 mm and a length of 18 cm. Hundred milligrams catalyst
sample was used in each run. An on-line Balzer quadrupole
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iOx presence destroys the large ensembles of metal a
hat serve as active sites for carbon deposition[17,18]. Inter-
acial metal–support sites may promote catalyst activity[19].
eactions on Pt/TiOx catalysts have supported this hypo
sis[20]. Titania-supported nickel catalysts are more ac

n carbon monoxide hydrogenation than silica- or alum
upported catalysts[21]. Suppression of hydrogen and carb
onoxide adsorption on TiO2-supported metals has been

erved and attributed to the strong interaction between
nd titania by Moon and co-workers[22].

The present work concerns the performance of Ni/T2
atalysts for POM and methane activation mechanism
he catalyst. A key question remaining in POM is that whe
he oxygen initiating the reaction is directly from the me
xide (NiO) lattice or from the support TiO2. This question
as pursued by conventional pulse experiments and cat
ctivity tests. The influence of temperature and time on st
n the catalytic performance was also investigated. Sp
ttention was given to the correlation between the nickel
ation states and the methane activation mechanism ov
i/TiO2 catalyst.

. Experimental

.1. Catalyst preparation

The supported nickel catalyst Ni/TiO2 was prepare
y impregnating TiO2 (John Matthey Chemicals Limite
0 m2/g 60–80 mesh) with an aqueous solution of 0.
i(NO3)2·6H2O. This was followed by drying overnight
ass spectrometer (QMS 200) continuously monitored
eactor effluent, which might contain hydrogen (m/z= 2), He
m/z= 4), methane (m/z= 15 or 16), water (m/z= 18), carbon
onoxide or nitrogen (m/z= 28), oxygen (m/z= 32) and car
on dioxide (m/z= 44). High purity helium was used as carr
as.

For the TPR experiment the fresh catalyst was first
reated in air at 700◦C for 1 h and then cooled to room temp
ture under a helium flow. Then, the helium flow was repla
y a flow of 3% (V) hydrogen in nitrogen (30 mL/min). Aft

he concentration of effluent was stabilized, the temper
as ramped at a rate of 15◦C/min to 1000◦C. For the use
atalyst, a helium flow was introduced for 20 min, and
atalyst was cooled to room temperature. Then the flow
witched to a 3% H2/N2 mixture. Temperature was then
reased at a rate of 15◦C/min to 1000◦C.

The pulse reaction experiments were performed at 70◦C.
gas pulse containing 1 mL CH4/Ar (1/20) was injecte

hrough a six-port valve into a helium carrier gas flow, wh
ontinuously flowed through the reactor during the exp
ents. An unreduced Ni/TiO2 catalyst sample was kept u
er a helium flow at 700◦C for 30 min before methane w
ulsed. While a reduced catalyst sample was treated
ure hydrogen (10 mL/min) at 700◦C for 30 min before th
ulse reaction.

.4. X-ray diffraction (XRD) and nickel dispersions of
i/TiO2

XRD patterns were obtained with a Philips PW 1840 p
er diffractometer. Co K� radiation was employed, coveri
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Table 1
Partial oxidation of methane to syngas over 8 wt.% Ni/TiO2

Temperature
(◦C)

CH4 conversion
(%)

Selectivity H2/CO
(mole ratio)H2 (%) CO (%)

300 – – – –
400 – – – –
500 58.9 74.3 47.9 2.84
600 69.5 87.4 55.0 2.81
700 76.6 93.5 74.6 2.13
800 86.3 99.7 88.2 2.09

Reaction conditions: CH4/O2 = 2, GHSV = 1.5× 105 h−1, 1 atm.

2θ between 20◦ and 60◦. Nickel dispersion of the catalyst was
measured by hydrogen chemisorption at room temperature.
The percentage dispersion of nickel metal was calculated as-
suming the H/Ni atomic ratio of 1[23].

3. Results

3.1. Activity of Ni/TiO2 catalysts in POM

POM was tested over Ni/TiO2 catalyst at temperatures
from 300 to 800◦C. Table 1showed that temperature af-
fected the reactivity of Ni/TiO2 significantly. Below 500◦C,
Ni/TiO2 exhibited no activity. At 500◦C, both methane con-
version and selectivity to carbon monoxide were very low.
However, selectivity to hydrogen was higher than that to car-
bon monoxide. The catalyst showed higher activity at 700
and 800◦C.

3.2. Effect of time on stream

To investigate the catalyst durability, endurance tests
were carried out at 700◦C and under atmospheric pressure,
CH4/O2 = 2/1, and GHSV = 1.5× 105 h−1. Catalytic perfor-
mance as a function of time on stream over the Ni/TiO2 cata-
l fter
t from
a ile
C
f

3
N

y
m had
b with
T ted
i esh
N and
6 ed
a 50
a uc-
t he

Fig. 1. Activity vs. reaction time for the POM reaction over 8 wt.% Ni/TiO2

catalyst.

Fig. 2. Temperature-programmed reduction (TPR) profiles of: (a) fresh
8 wt.% Ni/TiO2 and (b) 8 wt.% Ni/TiO2 after catalyzing the POM reaction
for 2 h at 700◦C.
yst is plotted inFig. 1. Rapid deactivation was observed a
he reaction was started. Methane conversion decreased
n initial value of 76% to 43% after 20 h of reaction, wh
O selectivity reduced from 74% to 40% and H2 selectivity

rom 93% to 50%.

.3. The temperature-programmed reductions (TPR) of
i/TiO2

The nickel oxidation state in Ni/TiO2 was investigated b
eans of TPR. Both fresh catalyst and catalysts, which
een subjected to the POM reactions, were examined
PR in a flow of 3% (V) hydrogen in nitrogen, as presen

n Fig. 2 a and b. At least three reduction peaks for fr
i/TiO2 can be observed at temperatures of 280, 390
40◦C, respectively (Fig. 2a). Unsupported NiO is reduc
t about 280◦C [24]. Therefore, the small peak between 2
nd 300◦C in the fresh catalyst is assigned to the red

ion of bulk NiO which does not interact with titania. T
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Fig. 3. XRD patterns of: (a) fresh 8 wt.% Ni/TiO2 and (b) 8 wt.% Ni/TiO2

after the POM reaction for 20 h at 700◦C.

Fig. 4. Effluent gases from methane (CH4/Ar, 1/20 mole ratio) pulsing experimen
(b) carbon monoxide, (c) hydrogen and (d) carbon dioxide.

higher temperature peak (390◦C) is assigned to the NiO that
has significant interaction with titania (NiO–TiO2 interaction
species). The peak between 550 and 700◦C, is assigned to
bulk NiTiO3 [25].

Two peaks were detected from Ni/TiO2 by TPR after POM
(Fig. 2b). The peak located at 445◦C is due to the NiO–TiO2
interacting species while the reduction peak at 660◦C is as-
signed to bulk NiTiO3. Thus, oxidized nickel exists after
POM on Ni/TiO2. A strong interaction between NiO and TiO2
also occurs during POM (Fig. 2b).

3.4. XRD patterns of Ni/TiO2

The XRD patterns of 8 wt.% Ni/TiO2 catalysts are shown
in Fig. 3.The XRD patterns of NiO are found in addition to
the diffraction peaks of rutile for fresh Ni/TiO2 (Fig. 3a).
NiO peaks become weak and new diffraction peaks char-
acteristic of NiTiO3 emerge after the catalyst was used
for the POM for 20 h; only very tiny Ni peak is found
(Fig. 3b).
ts at 700◦C over 8 wt.% Ni/TiO2 oxidized in air at 700◦C for 6 h: (a) methane,
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3.5. Interaction between methane and Ni/TiO2

Pulse reactions were conducted over oxidized Ni(O)/TiO2
without adding oxygen (Fig. 4a–d). Any methane oxidation
in these experiments must be derived from oxygen originat-
ing from NiO and/or TiO2 in the catalyst system. Methane
diluted in argon (CH4/Ar = 1/20) was pulsed (1 mL gas) over
unreduced Ni/TiO2 at 700◦C. Fig. 4a–d shows typical pulse
reaction results. During the first pulse, small amounts of car-
bon dioxide, hydrogen and carbon monoxide were detected
by MS. Thus, the surface oxygen present on the catalyst
was responsible for the formation of both carbon monox-
ide and carbon dioxide, for there is no oxygen in the feed
gas and the catalyst was not pre-reduced. Methane conver-
sions increased over the first seven pulses, and then de-
creased. The yield of carbon monoxide increased from the
first to the eighth pulse, then decreased. Substantial tail-
ing of the carbon monoxide peaks was observed from the
ninth pulse, and the length of the tailing increased there-

after as the pulse number increased. The carbon dioxide
yield increased sharply over the first five pulses, and then
decreased rapidly (Fig. 4d). After the ninth pulse, only a
small amount of carbon dioxide was detected. After the
11th pulse the carbon dioxide peaks exhibited tailing. The
hydrogen evolution pattern was similar to that of carbon
monoxide.

Fig. 5a–d presents the results of the methane pulsing
over the 8 wt.% Ni/TiO2 catalyst, which had been reduced
at 700◦C in hydrogen for 1 h. Almost all of the methane
was converted during the first pulse. Methane conversion de-
creased rapidly with subsequent pulsing. The yields of carbon
monoxide, hydrogen and carbon dioxide were highest from
the first pulse, and decreased with the sequent pulses. Among
the three products, carbon dioxide decreased most sharply.
Only a trace of carbon dioxide was detected after the second
pulse. The carbon monoxide and hydrogen peaks were found
to exhibit more remarkable tailing, while no peak tailing was
found for carbon dioxide.

F
m

ig. 5. Effluent gases from methane (CH4/Ar, 1/20 mole ratio) pulsing experime
ethane, (b) carbon monoxide, (c) hydrogen and (d) carbon dioxide.
nts at 700◦C over 8 wt.% Ni/TiO2 reduced in hydrogen, at 700◦C for1 h: (a)
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4. Discussion

4.1. Deactivation of Ni/TiO2 during POM

Serious deactivation was observed for the 8 wt.% Ni/TiO2
catalyst during POM. This could be mainly due to SMSI and
solid-state reactions. Ruckenstein and Hu[10] observed a
relatively small initial yield of carbon monoxide, which then
decreased with time, during their research on POM by using
a 13.6 wt.% Ni/TiO2 catalyst. They attributed it to a strong
interaction between TiOx and Ni during reduction in which
TiOx partially migrated onto the Ni surface. The investigation
we have done under the similar conditions to theirs. Both of
the two studies employed the Ni/TiO2 catalyst and the reac-
tions were examined at 700◦C. Thus, SMSI may be one of
the reasons for the deactivation of 8 wt.% Ni/TiO2 catalyst in
this work. SMSI can affect both catalyst activity and stability
[15,16]. TiO2-supported Group VIII metal catalysts suppress
carbon formation during the reforming of methane to syngas,
presumably due to the decoration of metal surfaces with TiOx

species. Suppression of hydrogen and carbon monoxide ad-
sorption on TiO2-supported metals has also been observed
and attributed to the strong interaction between metal and
titania by Moon and co-workers[22]. But, there is a major
difference between the two studies. Ruckenstein and Hu at-
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some mechanistic insight of methane oxidation over Ni/TiO2
under different nickel oxidation states.

During the first pulse over unreduced Ni/TiO2, CH4 was
negatively converted due to the absence of active Ni0 sites.
Only traces of CO, H2 and CO2 were detected. As the
methane pulsing over the unreduced Ni/TiO2 was continued,
the methane conversion increased. This is due to the reduction
of NiO to Ni0 on the surface. Since there was no oxygen in
the feed, the formation of carbon monoxide and carbon diox-
ide demonstrates that the catalyst itself supplies the oxygen.
Surface OH groups and/or NiO lattice oxygen (O2−) and/or
oxygen from the TiO2 support participated in the oxidation of
methane to COx. It is consistent with the previous conclusion
drawn by Buyevskaya et al.[28] that surface OH groups of
the support were involved in the conversion of CHx to carbon
monoxide. Pure TiO2 did not catalyze methane conversion at
700◦C. Therefore, reduced nickel sites are required for the
reaction between surface OH groups and/or low coordination
oxygen of the TiO2 support and methane to form COx. NiO
appears to be responsible for the formation of carbon diox-
ide and water observed in the first five pulses. Haber[29]
pointed out that total oxidation of hydrocarbons is often ob-
served over transition metal oxides even in the absence of
gaseous oxygen. Hence, a redox reaction between methane
and nickel oxide (CH4 + 4NiO→ CO2 + 2H2O + 4Ni0) on the
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ributed carbon deposition to the decay of overall catalyti
ivity for syngas production over a 50 h period. However,
bserved no obvious carbon deposit on the 8 wt.% Ni/T2
atalyst after the reaction for 20 h. The difference ma
ue to the different nickel loadings and reaction conditi
o, carbon deposit could be excluded from the reason fo
eactivation of the catalyst in this work.

The 8 wt.% Ni/TiO2 catalyst took on a color of light ye
ow after 20 h on stream in POM. This is the color of NiTiO3,
uggesting that NiTiO3 was formed during POM. XRD re
ults proved the existence of NiTiO3 and NiO in the catalys
fter the POM (Fig. 3). Due to the local hot spots in the ca

yst bed that can exceed 1000◦C, NiO and TiO2 may react in
he solid phase in the presence of oxygen gas to form Ni3
NiO + TiO2 → NiTiO3) which is inert to POM. The TPR r
ults also demonstrated the formation of NiO and NiT3
uring POM. This is in accord with the report written by R
t al. [26] that NiTiO3 was formed when Ni/TiO2 was cal-
ined above 500◦C. Besides, de Bokx et al.[27] also reporte
he formation of NiTiO3 at the temperature of 750◦C, which
as accompanied by a color change from gray to light

ow or bright yellow. So NiTiO3 and NiO were formed indee
uring POM. Since both of them are inactive for POM,

ormation of NiTiO3 and NiO is thought to be another cau
or the catalyst deactivation.

.2. Effects of nickel oxidation states on methane
xidation mechanism over Ni/TiO2

Different surface metal oxidation states can result in
erent mechanisms[4,5,7]. CH4 pulse experiments provid
xidized catalysts appears reasonable. According to the
ion above, it was estimated that 15 pulses of methane
ufficient to reduce all NiO contained in 8 wt.% Ni/TiO2 cat-
lyst. However, the Ni dispersion of the fresh catalyst
nly 10.3%. Thus, NiO on the surface was completely
uced to metallic nickel after the first five pulses of meth
ver the fresh catalyst. Both unreduced and reduced Ni/2
atalysts were active for methane oxidation, indicating
ethane CH bond dissociation was indeed a key step for
on monoxide formation. This suggests that carbon mo

de formation proceeds via CHx (x= 0–3) species produc
y methane dissociation at Ni0 sites. During the first fiv
ulses of methane over the oxidized catalysts, three typ
eactions occurred: (1) complete oxidation to carbon dio
ver nickel oxide, (2) partial oxidation to carbon monox
nd (3) decomposition to surface carbon species over th
ulting metallic nickel:

H4 + 4NiO → CO2 + 2H2O + 4Ni0

H4 + (5 − x) Ni → · · · → Ni CHx + (4 − x)Ni H

i CHx + Ni O → Ni CO + Ni H

i CO → CO(g) + Ni

i CO + Ni O → CO2(g) + 2Ni

After reduction of Ni/TiO2 at 700◦C for 1 h, the sur
ace oxygen concentration at active Ni sites was very
herefore, the TiO2 support was the main source of ox
en. Hydrogen, carbon monoxide, carbon dioxide and w
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were observed in the gas phase, when methane was pulsed
over freshly reduced Ni/TiO2. Methane conversion decreased
upon continued pulsing. Two factors could contribute to the
above phenomenon: (1) the amount of oxygen species reach-
ing nickel sites decreased and (2) metallic sites might be-
come increasingly poisoned (covered) by carbon species. The
methane pulse reactions reveal that lattice oxygen participates
in the reaction over both unreduced and reduced catalyst. Hu
and Ruckenstein also found the fact by using isotopic meth-
ods that the lattice oxygen participated in the reaction even
when the gas feed contained oxygen[30].

A remarkable tailing of the carbon monoxide, hydrogen
and carbon dioxide peaks was observed from the ninth pulse
onward during oxygen-free methane pulsing over unreduced
Ni/TiO2. These peaks tailed for 1–3 min before reaching
background level, while CH4 peaks lasted only 5–8 s. Further-
more, separate pulsing of carbon monoxide, carbon dioxide
or hydrogen over the Ni/TiO2 catalyst bed (either reduced or
oxidized) did not give any tailing. Only sharp peaks were ob-
served. These observations imply that the rate-determining
step in the syngas formation involves a carbon species react-
ing with oxygen species over the catalyst. The side reaction
producing carbon dioxide from carbon monoxide and oxy-
gen was fast. So the tailing of carbon dioxide peaks observed
was due to the original carbon monoxide tailing. This was
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bon monoxide and hydrogen, via the direct surface oxida-
tion mechanism in which adsorbed methane and oxygen
species react with each other[31]. The catalytic perfor-
mance of Ni/TiO2 at 700◦C under atmospheric pressure,
CH4/O2 = 2/1, GHSV = 1.5× 105 h−1 deactivated quickly af-
ter the reaction was started (Fig. 1). Methane conversion de-
creased from an initial value of 76% to 43% after 20 h of
reaction, while the selectivities to CO and H2 reduced sig-
nificantly from 74% to 40% and 93% to 50%, respectively.
These results also support direct surface oxidation with re-
duced Ni/TiO2 and non-selective oxidation over oxidized
Ni/TiO2 with formation of NiO and NiTiO3, in agreement
with methane oxidation mechanisms proposed based on the
pulse reaction studies.

5. Conclusions

The 8 wt.% Ni/TiO2 catalyst was seriously deactivated
during POM, which could mainly be due to: (1) SMSI be-
tween nickel oxides and titania and (2) the formation of NiO
and NiTiO3 in Ni/TiO2. No substantial buildup of surface car-
bonaceous species occurs and thus surface carbon is excluded
from the cause of the loss of catalyst activity. Methane pulse
reactions indicate that the mechanism of methane oxidation
c nges.
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ion between CHx and surface oxygen species could be
ate-determining step in the syngas formation over Ni/T2.

Carbon monoxide and hydrogen exhibited longer ta
esponses during the pulsing of CH4/Ar over reduced Ni/TiO2
Fig. 5a–d). This indicates that CHx species are present
he reduced catalyst. As CHx species are not present on
dized (NiO/TiO2) catalyst samples, Ni0 is responsible fo
heir formation from methane. The carbon monoxide p
ormed after the second CH4/Ar pulse over reduced Ni/TiO2
xhibited long tailings (Fig. 5b). This observation could r
ult from the desorption of carbon monoxide formed in
arlier pulses or carbon monoxide formation by reaction

ween surface CHx and oxygen species. Since tailing w
ot found for carbon dioxide, carbon monoxide desorp

s ruled out and surface reaction between the CHx and the
xygen species is favored. When carbon monoxide is p
ver the reduced catalyst, sharp peaks are obtained. C
uently, the reaction over the reduced Ni/TiO2 catalyst take
lace via the direct surface oxidation mechanism, in w

he adsorbed CHx and oxygen species are involved.
Methane pulse reactions demonstrate that the mecha

f methane oxidation changes at different stages as the
ation state of nickel changes. Methane can be oxidize
xygen in NiO or by active oxygen within the TiO2 sup-
ort via the non-selective oxidation mechanism over oxid
i/TiO2 which may contain NiO and NiTiO3. Methane is
fficiently activated via a direct oxidation mechanism o
hen the nickel is reduced to Ni0 or when its surface oxy
en species concentration is very low. This produces
-

hanges at different stages as nickel oxidation state cha
ethane is oxidized by lattice oxygen in NiO or by act
xygen in the TiO2 support via the non-selective mechan
ver oxidized Ni/TiO2, while it is efficiently converted int
arbon monoxide and hydrogen via a direct oxidation m
nism when Ni/TiO2 is reduced or partially reduced.
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