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Abstract:

Constructing robust catalysts by growing nanostructure arrays directly onto
honeycomb monoliths is a promising technology for fabricating highly active reactors
with low materials usage and cost-effectiveness. In this study, catalytically active NiO
nanosheet arrays were uniformly grown onto the channel surfaces of cordierite
honeycombs to form monolithic catalysts with ultra-low loading. Ce doping was
found to significantly enhance the catalytic propane oxidation performance of pristine
NiO nanosheet arrays. With a Ce doping of ~4 wt.% in NiO, a conversion of 90%
propane oxidation into CO, was achieved at 440 °C, a ~40 °C decrease compared to
the pristine NiO under a space velocity of 24,000 h™'. With the promoting effect of Ce,
the Ce-doped NiO nanosheet arrays exhibited a much better thermal stability, with
only 1.1% loss of conversion after a 48h operation at 425 °C, in comparison with a

21.5% loss over the pristine NiO catalyst.
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1. Introduction

Ceramic honeycomb monoliths integrated with active components on their
channeled surfaces is a major type of catalytic reactors for various industrial and
transportation applications such as chemical processing, hydrocarbon combustion
converter, catalyzed diesel particulate filter (C-DPF), air purifier and water treatment
[1-4]. These ceramic-based monolithic reactors hold many advantages such as low
thermal expansion coefficient, high thermal resistance, low pressure drop, and good
mechanical stability [2, 5, 6]. Generally, ceramic monolith reactors integrate
composition- and thickness-controlled coatings onto the monolithic channel surfaces
by virtue of a washcoating process in industry. The coating process usually starts with
the preparation of a slurry of mixing support (Al,O3, SiO,, TiO,), active precursors
(active metal/oxide nanoparticles or related salts), and some additives, and then
proceeds with a washcoating step. The washcoating process includes a few steps from
filling, sweeping, drying, to thermal annealing, with several repeated washcoating
procedures to ensure the loading and uniformity of coverage. However, a few
challenges remain in this traditional washcoating process, [7-10] including (1) the
materials utilization efficiency could be compromised due to the poor mass transfer in
the washcoat layers; (2) nanostructure-derived activity might be lost due to some
irreversible nanostructures damages during the washcoat slurry deposition process;
(3) internal mass transfer in either dense or irregularly porous washcoat may be
limited by the large coating thickness; (4) low mechanical stability is another critical
issue under high space velocity, thermal shock operation, and mechanical vibration.
Recently, a new configuration of monolithic catalysts by directly integrating
functional nanostructure arrays (nanoarrays) onto ceramic and metallic honeycomb
monoliths [11-19], which provides a new type of monolithic reactors for energy and
environmental applications.

Catalytic combustion of hydrocarbons (HCs) is one of the most effective
technology solutions for controlling the HC emissions. Up to now, supported platinum
group metals (PGM) based washcoat monolithic catalysts have been applied in engine
exhaust aftertreatment, such as three-way catalyst (TWC) and diesel oxidation
catalyst (DOC) in automobiles [20-23]. However, these PGM based catalysts still face
challenges including high pricing and drawbacks such as volatility, sintering of PGM

and loss of active sites, and poisoning tendency under atmosphere involving SO, and



NOy [20, 24-26]. Therefore, it is highly desirable to develop cost-competitive
alternatives for replacing the prohibitive PGM based catalysts. In the past few
decades, low-cost metal oxides such as MnOy, Co3;04, CuO, NiO, and perovskite
ABOs [27-32] have been found to be highly active for the total oxidation of
hydrocarbons. Centering around these active metal oxides, extensive efforts have been
made to improve their catalytic performance, specifically using typical strategies such
as nanostructure assembly, morphology tuning, and composite formation. It is noted
that most of these studies have been focused on the powder-form catalysts, which
have been prevented from practical applications by some processing hurdles. For
example, using washcoating process, the individual nanostructure-derived high
performance may be compromised due to the loss of the active surfaces with the
randomly assembling process. As a result, developing a novel integration technology
is highly desirable for assembling the nanostructured metal oxides with the most of
the active surface exposed possible.

Recently, using scalable solution-based hydrothermal method, we have successfully
in situ grown various arrays of metal oxide nanostructures such as nanoplates,
nanorods, nanowires and nanotubes onto three-dimensional (3D) channeled
honeycomb substrates [11-14, 16-19, 33-39]. In this study, we successfully grow NiO
nanosheet arrays onto 3D channel surfaces of cordierite honeycomb to form a new
type of NiO nanoarray based monolithic catalysts using a low-temperature (~95°C)
hydrothermal strategy. It is noted that NiO has been used in various catalytic reactions
such as CO oxidation [40, 41], VOCs combustion [42-45], ozone decomposition [46,
471, N,O decomposition [48, 49], SCR reaction [50, 51], water oxidation/splitting
[52-54], and methane reforming/partial oxidation [55-58]. Here in this study, we also
demonstrated that these PGM-free NiO nanosheet array integrated cordierite
honeycomb monoliths perform effectively for catalytic propane oxidation at low
temperature with a ultra-low material usage. With doping of Ce, the nanoarray
catalyst performance can be further improved with well-retained array structures. The
ordered array structure and uniform distribution enabled effective mass transport and

improved reaction kinetics [11].
2. Experimental

2.1 Materials preparation

The commercial cordierite (Mg, Fe),Al;(SisAlO;s)) honeycomb (600 cell per



square inch (cpsi), Corning Inc.) was used as a substrate to grow NiO nanosheet
arrays onto the channel surfaces. Before the growth, the honeycomb substrate was
sonicated and washed with ethanol and water to remove residual contaminants on the
surfaces. A low-temperature hydrothermal process [11, 12, 14, 59] was employed to
grow NiO nanosheet array. Firstly, nickel nitrate hexahydrate (Ni(NOs3),*6H,0) and
hexamethylenetetramine ((CH;)sN4) were dissolved in 15 ml deionized water to
generate transparent green reaction solution, with the concentration controlled at 5
and 25 mmol respectively. Then a honeycomb substrate with a size of 1cm X 1 cm X 2
cm was immersed into the solution, followed by the sonication to remove the residual
gas bubbles from the substrate surface. The hydrothermal reaction was operated at
95 °C for 6 h, and the obtained sample was washed with water and ethanol, and then
dried at 90 °C overnight. The final NiO array catalyst was obtained by annealing the
as-prepared sample at 500 °C for 2 h. The Ce doping was carried out by adding
cerium(III) nitrate hexahydrate (Ce(NO3);*6H,0) into the reaction solution before the
hydrothermal process, with a varied concentration of Ce(NOj3);*6H,O controlled at
0.1, 0.2, 0.4, and 1 mmol. The as-synthesized samples were labeled as 0.1Ce-5NiO,
0.2Ce-5Ni0O, 0.4Ce-5NiO, and 1Ce-5NiO, respectively.

2.2 Materials characterization

A FEI Teneo LVSEM scanning electron microscope (SEM) attached with an energy
dispersive X-ray (EDX) spectrometer was used to investigate the morphology and
composition of the prepared samples. The structures of selected samples were
characterized by a FEI Talos scanning transmission electron microscope (S/TEM)
with an accelerating voltage of 200 kV. For STEM sample preparation, the array
structure was scraped from cordierite honeycomb, and then dispersed in ethanol,
followed by drop-cast deposition on a Cu grid with carbon film. The crystal
structures were characterized using a D5005 X-ray diffractometer (BRUKER AXS)
with Cu-Ka radiation in a diffraction angle (20) range of 25-70°. An ASAP 2020
automatic surface analyzer (Micromeritics Instrument Co.) was used to do N
adsorption-desorption analysis for acquiring samples’ surface and porosity
characteristics, such as Brunauer-Emmett-Teller (BET) surface area and the pore size
distributions. Hydrogen temperature programmed reduction (H,-TPR) analysis was

carried out on a ChemiSorb 2720 automated catalyst characterization system



(Micromeritics Instrument Co.). In each run, one piece of catalyst monolith with 36
channels (1 cm long) was loaded in a U-shape quartz tube, which was heated to
700 °C with a ramp rate of 10 °Cemin™' under a reduced gas flow (4% H, balanced
with Ar, 25mLemin™"). X-ray photoelectron spectroscopy (XPS) was used for
characterizing the surface composition and valence state distribution of samples using
a PHI Quantera SXM spectrometer with multi-probes and Al-Ka radiation source. All

peaks were calibrated with C 1s photoelectron line at 284.6 eV.

2.3 Catalytic performance evaluation

Propane oxidation was used as a probe reaction to investigate the catalytic
performance of as-synthesized samples. In this study, catalytic propane oxidation was
operated on a BenchCAT system (Altamira Instruments Inc.), and the feed reactant
gas was composed of 0.3% C;Hg, 10% O,, and 89.7% N, with a total flow rate of 100
ml min”'. The gas species such as CO,, CO, and C;Hg in the exhaust stream were
separated and detected by an Agilent Micro-GC equipped with a HP-PLOT Q and a
TCD detector. The monolithic catalyst used in each run is of a size of 5 mm x 5 mm X
10 mm, about 0.1g, and 25 channels, with a space velocity (SV) controlled at 24,000
h'. Due to the ultra-low loading of active NiO catalysts, i.e., 6.3% - 7.1% including

cordierite substrate, the actual materials usage in the tests was only about 6.5 mg.

3. Results and discussion

3.1 Catalytic combustion of propane

Propane is highly stable with a total non-catalytic conversion below 5% even at
500 °C. Fig. la presents the catalytic conversion of propane oxidation over the NiO
based nanosheet array catalysts as a function of reaction temperature. The T, Tso and
Too (the reaction temperatures at which 10, 50 and 90% propane oxidation were
completed, respectively) are summarized in Table 1. For pure NiO nanoarray
monolith, the Tjo, Tso, and Tgg are 350, 422, and 481 °C, respectively. It is worth
noting that the material usage of NiO is ~ 6.9 mg/0.25 mL (27.6 g/L), at least 5 times
lower than that of traditional powder-washcoat catalyst (>150 g/L). Furthermore, this
PGM free NiO catalyst still has a good potential to improve its performance. With
cerium dopant, all the catalysts with a similar material loading demonstrated better

propane oxidation activities, indicating a promotion effect of Ce on the NiO catalyst.



For instance, the T1g, Tso and Ty over 0.2Ce-5NiO are 323, 395, and 440 °C, which
are 27,27, and 41 °C lower than those of the pristine NiO catalysts, respectively. With
a higher doping amount, both 0.4Ce-5NiO and 1Ce-5NiO samples showed a decline
of the catalytic activity. These results proved the Ce can significantly improve the
catalytic performance of NiO nanoarray monolithic catalyst but appropriate doping

concentration is needed.
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Figure 1. Catalytic combustion of CsHg over Ce doped NiO nanosheet array

monolithic catalysts as a function of temperature.

It is known that the catalytic combustion of most of hydrocarbons including propane
follows the first-order reaction kinetic mechanism under oxygen-rich condition [60,
61]. The reaction rate in total propane oxidation can be expressed as r¢.p, =
(Aexp(;fb;?)) o C(l)’2 , where ¢y is reaction rate (mol gl 1), A is the pre-
exponential factor, E, is the apparent activation energy (kJ mol™), and Ccsug and Co,
are the concentrations of C3Hg and O,, respectively. When the propane conversion is
lower than 15%, the reactant feed gas can be considered to be constant so that the
equation can be simplified by taking the logarithm. The new equation will be Inr¢, p,
= -E,/(RT) + C (C is a constant number) where the activation energy (E,) can be
calculated from the slope of the Arrhenius plots of Inr¢,y, as a function of inverse of
absolute temperature (1/T), as shown in Figure 2. An excellent linear relationship was
revealed on the Inrg . vs. 1/T with its correlation coefficient (R?) close to 1.0 as

listed in Table 1. The E, value of 0.2Ce-NiO (68.7 kJ mol™) is the lowest one,

confirming the faster surface reaction kinetics in Ce doped NiO nanoarrays.
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Figure 2. Arrhenius plots (In(r mol ge ' s™) vs. 1000/T (K")) for the catalytic
combustion of C;Hg over the Ce doped NiO nanoarray catalysts.

Figure 3a shows the catalytic performance of pristine NiO and Ce-doped nanoarray
monolithic catalysts comparatively. The enhancement through doping cerium is
evident with the significantly reduced temperature for propane oxidation conversion.
Moreover, the promoting effect has also been confirmed by running the time
dependent on-stream experiment at 425 °C. For the pristine NiO catalyst, the initial
conversion of 79.9% would decrease to 58.4% after one hour running, and decrease to
21.5% after 48 hour running, indicating its poor stability. However, the Ce doped NiO
catalyst (0.2Ce-5NiO) decreases by only 1.1%, which means cerium doping can

improve the catalyst durability significantly besides promoting its catalytic

performance.
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Figure 3. Comparison of pristine NiO and 0.2Ce-NiO nanoarray monolithic catalysts:
(a) temperature dependent catalytic combustion of C3;Hg; (b) time dependent on-

stream C;3;Hg oxidation conversion at 425 °C. C3Hg concentration = 0.3%, O, = 10%,



N, balance, and SV =24 000 h~'.

Table 1. Physical properties, catalytic activities, and activated energy of Ce doped

NiO nanoarray catalysts.

) Catalytic o
Textural properties Active . Activation energy
activities
catalyst
samples Loading Surface Pore . . E,
_ ) weight T10 T50 T90 Adj.
ratio area' diameter slope 5 (kJ
s my O O (O r ;
(wt %) (m~g") (nm) mol™)
NiO 6.9 4.6 21.7 6.9 350 422 481 -9.46  0.991 78.7
0.1Ce-5NiO 7.1 4.1 309 7.1 346 418 466 -9.64  0.997 80.1
0.2Ce-5NiO 6.7 4.2 31.6 6.7 323 395 440 -8.26  1.000 68.7
0.4Ce-5NiO 6.7 4.0 36.6 6.7 326 402 448 -8.84  0.993 73.5
1Ce-5NiO 6.3 5.1 17.6 6.3 330 402 485 -8.99  0.992 74.7

3.2 Morphologies and microstructures

Fig. 4 displays the top-view SEM images of the as-prepared NiO based monolithic
catalyst with different cerium doping contents. As shown in Fig. 4a, some macropores
can be observed on the surface of blank cordierite. With the simple hydrothermal
process, the uniform NiO nanosheet array can be in situ grown on the channel surface
of cordierite honeycomb. It is observed that the NiO nanosheets are interconnected to
form well-distributed pore-network of sub-micrometer size. These special open spaces
could provide an excellent mass-diffusion environment for catalytic oxidation
process. After cerium doping into the NiO nanoarray, no obvious morphology change
was observed until the ratio of Ce/Ni reaches 20%. For the 1Ce-5Ni sample, a number
of cracks are revealed in Fig. 4f, despite the nanosheet unit being kept well.
Moreover, the pore-space became smaller among interconnected nanosheets with
increasing cerium doping concentration, suggesting the grown NiO nanoarray density

was influenced by the doping of cerium.



Figure 4. SEM images of the blank cordierite and the Ce doped NiO array monolithic
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Figure 5. SEM-EDX data of three selected areas on sample 0.2Ce-5NiO.

The 0.2Ce-5Ni catalyst of the best catalytic performance was selected for energy
dispersive X-ray spectroscopy (EDXS) elemental analysis. As shown in Fig. 5, three
areas on the array nanostructure were chosen for the EDXS analyses. The obtained
EDX spectra have similar peaks assigned to the elements of Mg, Al, Si, Ni, Ce and O,
with the Mg, Al, and Si belonging to the cordierite substance, while Ni and Ce
ascribed to nanosheet array, respectively. The elemental contents calculated from the
spectrum peaks over these three areas were very close, further indicating the uniform
distribution of Ce-Ni nanostructure array across the honeycomb channel surfaces.
Meanwhile, the Ce/Ni ratio is about 8-9%, which is higher than the precursor amount
used in the synthetic process, indicating the diverse hydrolysis reactions of Ce and Ni

ions. Fig. 6 shows the typical cross-sectional view SEM images and the corresponding



EDXS elemental mappings of the 0.2Ce-5Ni sample. Fig. 6a demonstrated the
nanosheet array layer with a thickness of 5 um was well integrated onto the ceramic
surface, where the bottom cordierite substrate was confirmed in the elemental
mappings shown inFigs. 6d, e, f, and i. Additionally, the uniform Ce and Ni
elemental distribution on the selected cross-sectional area further confirmed that the

cerium was highly dispersed on the NiO nanostructures.

Figure 6. (a-b) A typical cross-sectional view SEM image and (c-i) elemental
distribution of a cross-sectional view of sample 0.2Ce-5NiO.

The detailed structures of each nanosheet in 0.2Ce-5Ni array were further
investigated by STEM analyses. As shown in Figs. 7a-b, the sheet morphology of NiO
array unit was confirmed. It is noted that the sheet nanostructure is composed of many
nanoparticles interconnected with each other to form a mesoporous 2D architecture.
The irregular pores with a size ranging from 5 to 25 nm can be attributed to the
release of COx (CO or CO;) and H,O products during the decomposition of nickel
precursors such as hydrate and carbonate. Such an interconnected mesoporous
network is beneficial for the formation of surface defects and provides an excellent
mass transfer environment for catalytic reactions. The corresponding high resolution
TEM (HRTEM) image in Fig. 7c exhibits the typical lattice fringe of a spacing of 0.15
nm, matching to the {220} crystal planes of cubic structured NiO. With cerium



doping, the sheet morphology is retained very well and the porous network becomes
denser as revealed in Figs. 7d and f. The pore size distribution becomes wider, with
the large pores > 50 nm while small pores <10 nm. The lattice fringe observed on the
Ce doped NiO is of a spacing of 0.24 nm that matches the {111} crystal planes of
cubic structured NiO. The high-resolution elemental maps of the 0.2Ce-5Ni sample in
Fig. 8 reveal that Ce, Ni and O are uniformly distributed within the nanosheet
structure, further demonstrating the successful Ce doping in the sample 0.2Ce-5Ni.
The EDXS analysis shows the atomic ratio of Ce/Ni is about 7.6%, consistent with the
SEM-mapping results in Fig. 5.

200 nm

™
¥

- i 50 nm : nm
Figure 7. TEM and HR-TEM images of the investigated sample NiO (a-c) and 0.2Ce-
5NiO (d-f).




Figure 8. (a) TEM image, (b-¢) elemental mappings and EDX spectrum collected
from the 0.2Ce-5NiO sample.

3.3 X-ray diffraction and N, physisorption

X-ray diffraction analysis was used for identifying the crystal structures of the
prepared NiO nanoarray catalysts. In Fig. 9a, most of the strong peaks can be ascribed
to the cordierite Mg, (Al4SisO;5) (JCPDS 01-082-1541) with an orthorhombic
structure.With a slow scanning (26=0.004 °s™") during the XRD analysis in a focused
20 range (35-45° and 61-65°), peaks corresponding to NiO can be resolved as shown
in Figs. 9 b and c. The resolved peaks at 20 = 37.4°, 43.2° and 62.8° after integrating
the NiO nanoarray onto the cordierite substrate can be assigned to the {111}, {200}
and {220} crystal planes of cubic NiO (JCPDF 073-1523). Moreover, no obvious
peaks related to ceria are observed even with a higher Ce doping in the NiO,
suggesting the successful doping of Ce into NiO crystal structure.
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Figure 9. XRD patterns of the blank cordierite and Ce doped NiO array catalysts. (a)
25-70 °, (b) 35-45 ° and (c) 61-65 °.

Fig. 10 shows the nitrogen adsorption-desorption isotherms and pore size distribution
of Ni1O nanoarray based monoliths with different doping concentrations of cerium. All
adsorption-desorption curves exhibit a clear hysteresis loop with type IV
characteristic, which usually corresponds to macro- and mesoporous structures of the
catalysts. From the morphology analysis, it can be seen that the macroporous structure
is from the array structure where the nanosheet array were assembled with uniform
sub-micrometer pore distribution. Meanwhile, the mesoporous structure can be
ascribed to the abundant pores observed on the individual nanosheets as revealed in
the STEM analysis (Figs. 7 and 8). With cerium doping, the adsorption-desorption
characteristic is kept well while the pore distribution has changed evidently. For pure

NiO, the pore size is concentrated on about 21.7 nm as listed in Table 1. It is



noticeable that the pore size distribution becomes wider when the cerium was
introduced into the arrays, demonstrating the metal components in the precursor have
a great effect on the formation of irregular pores during the decomposition. As
displayed in Table 1, the surface areas of all samples are at the range of 4.0-5.0 m’g™".
The average pore size of Ce doped NiO became bigger (30.9-36.6 nm) except the
1Ce-5NiO sample with a poor array morphology, which is consistent with the result
obtained from STEM analysis. For 1Ce-5NiO, the array structure almost disappears,
with a more-densely covered film on the surface as revealed in Fig. 4f. With higher
Ce precursor concentration involved into the hydrothermal process, more cerium-
derived precipitates formed and induce the collapse of nanoarray structure. As a
result, there will be more nanoparticles formed after annealing and the dense film with

smaller pore size distribution will be generated with the aggregation of nanocrystals.
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Figure 10. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore size
distribution calculated from the adsorption branch of the isotherm for as-prepared Ce-

Ni array catalysts.

3.4 H,-TPR and XPS analysis

Reducibility is usually applied to explain the catalytic reactions on the NiO based
catalysts [41, 42, 44, 62-64]. In this study, H,-TPR experiments were used to
investigate the reducibility of as-prepared samples. In the case of pure NiO, a main
asymmetrical reduction peak is observed in Fig. 11 with a superimposed peak at
higher temperature. Generally, the reduction of NiO under hydrogen atmosphere
includes the processes of Ni'" to Ni*" and Ni*" to Ni’, where higher temperature is
needed for the further reduction [41, 42, 44, 62]. After doping with cerium, the

reduction peak moves to lower temperature obviously. The 0.2Ce-5Ni sample has the



best low-temperature reducibility, indicating the cerium doping can significantly
promote the activity of oxygen in NiO based catalyst. However, the best promoting
effect occurred at the doping amount of about 4% (0.2Ce-5Ni) on their reducibility,
which was hardly further enhanced with a higher doping ratio.

The surface chemical species of two typical samples including pure NiO and
0.2Ce-5NiO were examined by XPS. As shown in Fig. S1, the clear Ce3d peak on the
sample 0.2Ce-5NiO confirms the presence of Ce species in the Ce doped sample.
With Ce doping, the splitting peak of Ni2p around 852.0-856.0 eV becomes non-
obvious, shown in Fig. S2. This indicates the doped Ce has a significant effect on the
distribution of Ni species on the surface. For spectra of Ols, the peak at higher
binding energy is generally ascribed to the surface adsorbed oxygens, which play a
vital role in catalytic oxidation process [45, 60, 65-69]. As a result, the peak at
higher binding energy becomes much stronger after Ce doping, which confirms the

doping Ce of NiO can enhance the distribution of surface active oxygen species.
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Figure 11. H,-TPR profiles of the Ce doped NiO nanoarray catalysts.

3.5 Discussions

Our previously studies have pointed out that ordered 3D nanostructures in the
nanoarray based monolithic catalysts can provide an excellent physical environment
for mass transfer during the reactions and greatly promote the catalytic activities with
high material utilization efficiency [11, 13-15, 59, 61, 70]. In this work, we
successfully fabricated the NiO nanosheet array based monolithic catalysts, which can

be effectively utilized for catalytic combustion of propane. As shown in Fig. 4, all



nanosheets are inter-connected to enclose numerous sub-micrometer spaces passing
through the whole array layer. TEM analysis reveals a number of mesopores on every
single nanosheet, making every nanometer spaces enclosed by nanosheets be
interconnected. For traditional washcoat based catalysts, it is a critical issue for
internal mass transfer in the thick (20-200 pum) and dense layer with random pores
[71-74], and this kind of diffusional limitations can play a vital role in determining the
catalytic behavior of monoliths. Moreover, due to the micrometer thickness of NiO
nanoarray, the catalyst material usage on our monolithic catalyst is only 26.8 g L™,
which is 5-14 times lower than the loading of washcoat catalyst (150-350 g L") [75-
79], further demonstrating its ultra-high material utilization efficiency.

With cerium doping, the catalytic performance of NiO based monolithic catalyst is
significantly enhanced while maintaining the array structures. It should be noted that
the stability of Ce-doped NiO catalyst is significantly improved upon that of the
pristine NiO. From the XRD data, no peaks of ceria phase were observed due to the
high intensity background from cordierite crystal structure, it is still difficult to
accurately determine the cerium incorporated into the cubic nickel oxide. However,
considering the size of Ce and Ni, the replacement of Ce ions into the NiO lattice site
is highly possible, as reported by other studies [32, 80, 81]. Meanwhile, the
compositional analysis using EDXS revealed a homogeneous distribution of Ni and
Ce throughout the catalysts, proving the successful incorporation of Ce into NiO. The
doping content of Ce into NiO is limited due to the difference of their ion size and
electric charge. For example, in the sample 1Ce-5Ni, the morphology of nanosheet
unit was not kept well due to the formation of additional cerium oxide. Significant
phase segregation is expected due to large lattice strain and compression resulted from
cerium incorporation [80, 82-84], with the much larger ionic radii in Ce’ and Ce*
(1.15 and 1.01 A, respectively) compared to 0.83 A in Ni*". As shown in TPR
analysis, the reducibility of Ce doped NiO catalysts was clearly improved at the lower
temperature zone, which is highly related to the boosted low-temperature catalytic
activities, indicating the significantly promoted activity of bonded oxygen species due

to Ce doping.

4. Conclusions
In summary, we have successfully integrated NiO based nanosheet array onto the

channel surfaces of cordierite honeycomb to form a robust monolithic catalyst with



ultra-low loading for catalytic propane combustion. The low-temperature oxidation
activities of NiO nanosheet array based catalyst can be markedly promoted by the Ce
doping with well-retained array structure. The Ce-doped NiO exhibits much better
stability than the pristine counterpart. It is suggested that the interaction between Ce
and Ni improves the low temperature reducibility of NiO, further promoting the
catalyst reactivity and stability significantly. This work provides a new design of
PGM free nanoarray based monolithic catalysts with ultra-low material loading for

efficient and robust hydrocarbon combustion.
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