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long-term stable carbon dioxide reforming of
methane†
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Methane reforming at low temperatures is of growing importance to mitigate the environmental impact of

the production of synthesis gas, but it suffers from short catalyst lifetimes due to the severe deposition of

carbon byproducts. Herein, we introduce a new class of topology-tailored catalyst in which tens-of-

nanometer-thick fibrous networks of Ni metal and oxygen-deficient Y2O3 are entangled with each other

to form a rooted structure, i.e., Ni#Y2O3. We demonstrate that the rooted Ni#Y2O3 catalyst stably

promotes the carbon-dioxide reforming of methane at 723 K for over 1000 h, where the performance of

traditional supported catalysts such as Ni/Y2O3 diminishes within 100 h due to the precluded mass

transport by accumulated carbon byproducts. In situ TEM demonstrates that the supported Ni

nanoparticles are readily detached from the support surface in the reaction atmosphere, and migrate

around to result in widespread accumulation of the carbon byproducts. The long-term stable methane

reforming over the rooted catalyst is ultimately attributed to the topologically immobilized Ni catalysis

centre and the synergistic function of the oxygen-deficient Y2O3 matrix, which successfully inhibits the

accumulation of byproducts.
Introduction

The catalytic conversion of the major component in biogas and
natural gas, methane (CH4), into valuable synthesis gas
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consisting of CO and H2, is of increasing importance to estab-
lish a hydrogen-based society as well as for petroleum-free
carbon resource management. Meanwhile, it is acknowledged
that deposition of solid-state carbon byproducts (carbon depo-
sition) is a signicant drawback for CH4 reforming.1–9 In order
to suppress carbon deposition, CH4 reforming is currently
conducted at high temperatures (>1073 K) and as a result,
suffers from rapid catalyst degradation and huge energy
consumption.1–4 In contrast, CH4 reforming at 873 K or lower
temperatures may be favourable to mitigate the catalyst degra-
dation and environmental impacts. However, the carbon
deposition is strongly accelerated at low temperatures via CH4

decomposition (CH4 ¼ C(s) + 2H2) and/or CO disproportion-
ation (2CO ¼ C(s) + CO2), which inhibits mass transport and
shortens catalyst lifetime.1,7–9 Although CO2 dry reforming of
CH4 (DRM: CH4 + CO2 ¼ 2CO + 2H2) is highly promising among
the different types of CH4 reforming in terms of the efficient use
of carbon feedstocks and the reduction of CO2 emissions,1,10–18

DRM is the most readily subjected to carbon deposition, espe-
cially at low temperatures. Recently, several strategies of
designing core–shell structures and/or doping with other
additive elements have been proposed to suppress undesirable
carbon deposition,19–29 yet it still remains a challenge.

Herein, we propose a material design strategy to preclude
carbon deposition via tailoring the three-dimensional topology
Chem. Sci., 2019, 10, 3701–3705 | 3701
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of metal/oxide nanocomposites. We demonstrate that a nano-
composite, consisting of entangled networks of tens-of-
nanometre-thick brous phases of nickel metal and oxygen-
decient yttrium oxide, i.e., Ni#Y2O3, can be prepared by
utilizing nanophase-separation of a Ni–Y alloy in an oxidative
atmosphere. The Ni#Y2O3 catalyst can activate CO2 and CH4

from a low temperature of 623 K (see Fig. S1†) and stably
promote the DRM reaction at 723 K (low-temperature DRM;
abbreviated as LT-DRM hereaer) for over 1000 h, whereas
traditional supported catalysts such as Ni/Al2O3 and Ni/Y2O3

diminish the catalytic performance within 100 h. Advanced
characterizations, including in situ transmission electron
microscopy, elucidate that particle migration occurs in the
supported catalysts in the reaction atmosphere, and the
migrating metal nanoparticles act as a major catalyst centre for
the widespread growth of brous carbon byproducts. However,
the Ni catalysis centre of the Ni#Y2O3 catalyst is, like a tree
deeply rooted in the ground, topologically immobilized by
entanglement with the oxygen-decient Y2O3 matrix, which can
eliminate carbon byproducts to realize long-term stable DRM
performance.
Results and discussion

The preparation processes for different metal/oxide catalysts are
shown in Fig. 1. Traditional supported catalysts including Ni/
Y2O3 and Ni/Al2O3 were prepared by a routine impregnation
method (Fig. 1a; see the ESI† for details). The Ni#Y2O3 catalyst
was obtained from a Ni–Y (Ni : Y ¼ 1 : 1) alloy precursor con-
sisting of Ni metal and oxyphilic Y metal (Fig. S2†). The Ni–Y
alloy was heated at 873 K in a gas mixture of CO and O2

(CO : O2 ¼ 2 : 1 in volume%; see details in the ESI†) to promote
nanophase separation from a uniform alloy into a nano-
composite consisting of metal Ni and Y2O3, namely, Ni#Y2O3.
Fig. 1 Designing metal/oxide catalysts with different topologies. (a)
Traditional supported catalysts such as Ni/Y2O3 are prepared by
depositing Ni nanoparticles onto the support surface. (b) The rooted
Ni#Y2O3 catalyst is prepared by (1) melting Ni and Y metals into a Ni–Y
alloy in an Ar atmosphere and then (2) heating the prepared Ni–Y alloy
in an atmosphere consisting of CO and O2. A fibrous Ni phase is
entangled with the Y2O3 counterpart and further rooted in the bulk
(see the inset).

3702 | Chem. Sci., 2019, 10, 3701–3705
The Ni#Y2O3 nanocomposite comprised an entangled network
of brous metal Ni and Y2O3, which further sprouted out of the
bulk to develop a rooted structure (Fig. 1b; see Fig. S3† for
a possible formation mechanism of the rooted structure).30 As
the control catalyst, different Ni–Y2O3 nanocomposites with
different Ni/Y ratios of 5/1, 3/1, 2/1 and 1/3 were prepared from
the corresponding Ni–Y alloy precursors (Ni5Y, Ni3Y, Ni2Y and
NiY3, respectively; Fig. S4 and S5†) via the same atmospheric
treatment as for the Ni#Y2O3.

The microstructure of the Ni#Y2O3 catalyst was characterized
with a scanning electron microscope (SEM). A number of
precipitates were observed on the surface of the Ni#Y2O3

particles (Fig. 2a). The cross-section SEM images demonstrated
that the precipitates arose from the exposure of a rooted
structure that propagated from the bulk to the surface (Fig. 2b).
High-magnication SEM and STEM observations further
showed that the rooted structure was composed of brous Ni-
and Y2O3 phases (Fig. 2c and d, see also Fig. 1b and S6–S8†).

We tested the Ni#Y2O3 catalyst for LT-DRM in comparison to
the other Ni-based catalysts prepared from different alloy
precursors (Fig. 3a, see the corresponding SEM images in
Fig. S5†). Pure Ni-powder exhibited very low activity, due to the
low dispersion degree of the active Ni sites (Table S1 and
Fig. S9†). The different Ni–Y2O3 composites also exhibited lower
consumption- and formation rates than the Ni#Y2O3 catalyst.
This should be attributed to the overgrowth of Ni or Y2O3 during
the atmospheric processing of CO/O2 (Fig. S5 and S9†). The
CH4- and CO2 consumption rates over the Ni#Y2O3 catalyst were
close to half the value of the CO- and H2 formation rates,
showing that the LT-DRM was promoted in a nearly stoichio-
metric pathway. We then evaluated the turnover frequency
(TOF) of Ni#Y2O3 and the different Ni-based catalysts towards
CH4 conversion (i.e. TOFCH4

, Table S2†).31,32 The Ni#Y2O3
Fig. 2 Micro- and nanostructures of the rooted catalysts. (a) SEM
image of one of the Ni#Y2O3 particles. (b) Cross-section SEM image of
one of the Ni#Y2O3 particles, showing the distribution of the rooted
structure in the bulk. The black arrow shows one of the exposures of
the rooted structure. (c) High-magnification SEM image of the rooted
structure shown in (b). (d) High-magnification HAADF STEM- (left) and
elemental mapping images (right) of the rooted structure. The red-
and green areas in the mapping image correspond to the Ni- and Y2O3

phases, respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 LT-DRM performance of the Ni#Y2O3- and other Ni-based
catalysts. Catalyst amount¼ 0.1 g; reaction temperature¼ 723 K; CH4/
CO2/Ar ¼ 1/1/98 in vol%; flow rate ¼ 100 mL min�1. (a) CO-/H2

formation rates and CH4-/CO2 consumption rates for the Ni–Y2O3

composites with different Y contents. The Ni#Y2O3 corresponds to the
Ni/Y ratio of the Ni–Y alloy ¼ 1/1. (b) The turn-over frequencies (TOFs)
towards CH4 conversion over the Ni–Y2O3 composites with different Y
contents. The Ni#Y2O3 corresponds to the Ni content of the Ni–Y
alloy¼ 50%. (c) CO formation (left axis) and reactor pressure (right axis)
for the Ni#Y2O3- and supported Ni catalysts. (d) SEM images of the Ni/
Y2O3- and Ni#Y2O3 catalysts, 6 h after subjected to the LT-DRM
atmosphere.

Fig. 4 Dynamic TEM observations of carbon deposition. (a and b) In
situ TEM images visualizing the growth of fibrous carbon deposits
(carbon nanotubes: CNT) over the Ni/Al2O3 catalyst in the LT-DRM
atmosphere. Snapshots of the CNT growth. Shooting interval: �2
seconds. (c) TEM image of the Ni/Al2O3 catalyst taken after subjection
to LT-DRM for 6 h. (d) A model for the inhibited CNT growth over the
Ni#Y2O3 catalyst due to the topological immobilization of the Ni
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catalyst exhibited a much higher TOFCH4
than the other cata-

lysts prepared from different alloy precursors (Fig. 3b). The
Ni#Y2O3 catalyst was optimized in terms of composition to
achieve the highest LT-DRM performance.

We nally compared the Ni#Y2O3 catalyst with traditional
supported catalysts in terms of long-term stability for LT-DRM
(Fig. 3c). Note that the size of the Ni sites of Ni#Y2O3 (19 nm)
was close to those of the supported catalysts including Ni/Y2O3

(19 nm) and Ni/Al2O3 (22 nm) (Table S1 and Fig. S10†). However,
the Ni#Y2O3 catalyst stably promoted LT-DRM at 723 K for over
1000 hours, keeping the reactor pressure constant. A slight drop
during the rst 100 hours was observed, likely because the
catalyst needed an initiation to reach a balance of carbon
deposition and re-oxidation. In contrast, the traditional sup-
ported catalysts such as Ni/Al2O3 and Ni/Y2O3 showed rapid
lowering in CO formation although they exhibited superior
catalytic activity in the early stages.

A similar trend was also observed in dense gas conditions
(Fig. S11;† catalyst amount ¼ 0.1 g; reaction temperature ¼ 823
K; CH4/CO2/N2 ¼ 10/10/5 in vol%; ow rate ¼ 25 mL min�1).
The initial CH4- and CO2 conversions in LT-DRM were 49% and
38% over the supported Ni/Al2O3 catalyst, respectively, but
rapidly decreased down to 12% and 9.1% aer 10 h. However,
our Ni#Y2O3 catalyst initially exhibited 12% and 20% for the
This journal is © The Royal Society of Chemistry 2019
CH4- and CO2 conversions, respectively, and kept them higher
than 7.5% and 14% even at a time course of 100 h. The reactor
pressure containing the supported catalysts increased as the
conversion rates decreased, which was a typical trend observed
when the reactor is clogged by carbon deposits (Fig. 3c and the
inset in Fig. S11†). In addition, a higher TOFCH4

was exhibited
by the supported catalysts (Table S2†), but the carbon balance
was much larger than unity (i.e. [CH4 consumption rate + CO2

consumption rate]/CO formation rate > 1.0; see Table S3† and
the caption). The provided carbon species of CH4 and/or CO2

were more readily converted into carbon deposits than CO over
the supported catalysts. Unlike the supported catalysts, Ni#Y2O3

exhibited a unity of carbon balance to achieve full conversion of
CH4 and CO2 into CO without carbon deposits.

In order to elucidate the origin of the carbon-deposition
tolerance of Ni#Y2O3, we performed different characteriza-
tions of the catalysts that were exposed to the LT-DRM atmo-
sphere for 6 h (see Fig. S12† for pXRD). SEM observation showed
that the supported Ni/Al2O3 as well as Ni/Y2O3 were heavily
covered with brous deposits (Fig. 3d and S13†). The Ni#Y2O3

catalyst was free from brous deposits, instead it was thinly
coated with a deposit layer (Fig. 3d and S14†). Raman analyses
demonstrated that this deposited layer consisted of disordered
and decient carbon species (Fig. S15 and Table S4†).33,34 In
addition, hard X-ray photoemission spectroscopy (HAXPES:
Fig. S16†) and thermogravimetry (TG: Fig. S17†) showed that the
total amount of carbon deposits on the Ni#Y2O3 catalyst was
less than that on the Ni/Al2O3- or Ni/Y2O3 catalysts.

We then conducted in situ TEM to shed light on the growth
dynamics of the brous carbon in the LT-DRM atmosphere. The
Ni/Al2O3 catalyst was exposed to a reactant gas consisting of
equimolar CH4 and CO2 at 723 K with a pressure of 200 Pa, and
observed with high-voltage in situ TEM (JEM-1000K RS TEM
(JEOL), Nagoya Univ.). In an aliquot taken 2 h aer the exposure
to the reactant gas, an onion-shell pattern from graphitic
carbon was clearly recognized all the way around the supported
Ni nanoparticles (Fig. 4a). A series of in situ TEM snapshots
catalysis centre.

Chem. Sci., 2019, 10, 3701–3705 | 3703
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show that this graphitic carbon layer was decomposed near at the
Ni/Al2O3 interface, most likely by oxygen species donated from
the Al2O3 support (Fig. 4b, see Movie S1†). The Ni nanoparticle in
the eld of view migrated away from the center to the bottom
right through the missing part of the graphitic carbon layer.

Fig. 4b also shows that a rapid growth of hollow, multi-
walled carbon nanotubes (CNT) was triggered by the migra-
tion of Ni nanoparticles. It is acknowledged that Ni nano-
particles, when they are able to freely migrate around without
a support, play the role of an efficient catalyst that promotes the
growth of long-length CNT bres from gaseous carbon species
such as ethanol vapour via a vapour–solid (VS) mechanism.35–37

The carbon species provided from the gaseous atmosphere are
dissolved in the Ni bulk and recrystallize on the surface in the
form of a CNT, which further grows along with the dri of the
migrating nanoparticles. As a result of collective migration of
the Ni nanoparticles, the Ni/Al2O3 and Ni/Y2O3 catalysts were
densely covered with large numbers of CNTs (50 nm and
500 nm in average thickness and length, respectively; Fig. 4c,
S13 and S18†) aer exposure to the LT-DRM atmosphere for 6 h.
Note that each of the grown CNT contained one Ni nanoparticle
at one end as the growth front.

By contrast to the supported Ni nanoparticles, the Ni catalyst
centre of Ni#Y2O3 is topologically immobilized due to entan-
glement with its Y2O3 counterpart, which can preclude particle
migration and the accompanying CNT growth (Fig. 4d, see
Fig. S19†). Moreover, the HAXPES results on the Ni 2p and O 1s
regions showed that the Ni phase of Ni#Y2O3 was retained as
metal in the LT-DRM atmosphere, whereas the Ni phase of Ni/
Y2O3 or Ni/Al2O3 was oxidized and/or carburized by CO2 and/or
CH4 (Fig. S20 and S21†). The HAXPES spectra in the Y 3d region
demonstrated that the Y2O3 phase of Ni#Y2O3, unlike that of Ni/
Y2O3, contained abundant oxygen vacancies (Fig. S22 and
S23†).38–40 The oxygen-decient Y2O3 of Ni#Y2O3 not only topo-
logically immobilizes the Ni catalysis centre, but also may
contribute to the elimination of carbon deposits via atomic
exchange at the Ni–Y2O3 interface. In addition, the carbon
deposits formed on the catalysis centre of Ni#Y2O3 can be more
readily oxidized than CNT or graphitic carbon because of their
disordered and decient nature (Fig. S15 and Table S4†).1,41

Therefore, the rooted Ni#Y2O3 catalyst, due to its topological
advantages and the synergistic function with the oxygen-
decient Y2O3, successfully inhibited carbon deposition and
improved reaction stability.

Conclusions

In conclusion, we present a catalyst design strategy that involves
alloy preparations coupled with atmospheric processing to
promote the spontaneous formation of nanocomposites con-
sisting of entangled networks of metal and oxides. By tuning the
composition of alloy precursors and the processing atmo-
sphere, we have successfully built a composite catalyst with
a rooted nanostructure, namely, Ni#Y2O3. The Ni#Y2O3 catalyst
realized an improved activity and long-term stability to LT-
DRM. In situ microscopic observations demonstrated that the
carbon deposition occurring on traditional supported catalysts
3704 | Chem. Sci., 2019, 10, 3701–3705
is attributable to the collective migration of metal nano-
particles. The catalysis centre of the Ni#Y2O3 is topologically
immobilized by its oxygen-decient Y2O3 counterpart to
preclude particle migration and inhibit carbon deposition.
Finally, the material design strategy of rooted catalysts reported
here is not limited to the specic conversion of methane, but
can be used for a broad range of practical applications, in which
stable yet active metal/non-metal interfaces play a central role in
performance, such as electrode catalysts for fuel cells and/or
secondary batteries.42,43
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