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Abstract

Three morphology CeO2 supports with three-dimensionally ordered mesoporous structure (3DOM), nanotubes (NT) and
nanocubes (NC) were synthesized by nanocasting of a mesoporous silica KIT-6 template with cubic Ia3d symmetries, hy-
drothermal method with and without urea, respectively, and supported cobalt catalysts were investigated on the production
of COx-free hydrogen from ammonia decomposition for 300-600ºC. Morphological structure of CeO2 significantly influenced
the catalytic activities in the ammonia decomposition, and the Co/CeO2-3DOM catalyst had a higher catalytic performance
than Co/CeO2-NC and Co/CeO2-NT. It was elucidated by the formation of smaller particles size and more oxygen vacancies.
The Co/CeO2-3DOM catalyst exhibited good stability and reusability at 600ºC for ammonia decomposition due to the three-
dimensionally ordered mesoporous structure as anchoring cobalt active sites and prevention from active site aggregation. A
mechanistic insight has been presented to understand the structure-activity relationship based on the structure of the CeO2
supports.

1. Introduction

Hydrogen storage technology is essentially necessary to promote renewable and clean energy with fossil fuels
decreasing. Many kinds of hydrogen storage materials, such as hydrogen storage alloys, inorganic chemical
hydrides, carbon materials and liquid hydrides, have been researched1,2. Among those hydrogen resources,
the on-site generation of COx-free hydrogen from ammonia decomposition directly fed to proton exchange
membrane (PEM) fuel cells has been especially considered3. This is due to ammonia converted to hydrogen
and nitrogen and not produced to COx, which causes global warming (CO2) and degrades cell electrodes
(CO). It can be stored as liquid at 0.8 MPa (293 K), which allows for conformable, cheap and lightweight
plastic tanks and a distribution network similar to that of liquefied petroleum gas (LPG). Moreover, ammonia
has a high gravimetric (17.8 wt% H2), volumetric (121 kg H2[?]m-3 in the liquid form) H2 density and energy
density (3000 Wh[?] kg-1). In addition, ammonia can be produced on an industrial scale through Haber-Bosch
process. It is readily available, exhibits a narrow explosion limit, and decomposes relatively easily without
addition of steam or oxygen4,5. However, ammonia as a vector for H2 has not yet been realized largely because
of the absence of an efficient, low-cost method for cracking ammonia to H2 and N2

6,7. Therefore, development
of catalysts to efficiently attain hydrogen by on-site generation from ammonia at low temperature is critically
important for mobile and remote applications.

Nowadays, many works have been devoted to exploit efficient catalysts for ammonia decomposition. Current-
ly, various metals and mixed metal oxides (such as Ru8, Ni9, Fe10, Co11, Cu12, Ni-Fe13, Co-Mo14, Fe-Co15,
etc.) and compounds16,17have been tested for ammonia decomposition. Ru is the most active metal, but this
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noble metal is very expensive and thus limits its large-scale application. Therefore, using a non-noble metal
to replace Ru metal is necessary for practical applications. Amongst these Ni-, Co- and Fe-based catalysts,
the nitrogen biding energy of cobalt is the closest one to the optimum value range18. Lendzion-Bielun et
al.19 reported that Co was more effective than the iron catalyst in the ammonia decomposition. Zhang et
al.20 reported that Co/MWCNTs catalysts after pretreatment in nitrogen exhibited high catalytic activity
for ammonia decomposition. However, the multi wall carbon nanotubes (MWCNTs) is easily methanation
in high temperature under hydrogen atmosphere. Therefore, the development of highly active and carbon
resistant Co-based catalysts for ammonia decomposition becomes a major aspect of research in this field.

In the past years, three-dimensionally ordered mesoporous (3DOM) materials have been intensively investiga-
ted for the applications in various fields (such as semiconductors, photonics, electrochromics, and catalysis21).
Usage of CeO2 as catalyst, catalyst support, or catalyst promoter has been widely reported due to its unique
redox properties and remarkable oxygen storage capacities22. For example, the addition of CeO2 to nickel
catalysts was reported to improve the catalytic activity23. 2D ultrathin MoS2 nanosheets grown on uniform
CeO2 hollow spheres were reported by Gong et al.24 for enhancing activity in catalytic ammonia decompo-
sition for H2production. Llorca et al.25 performed an in situ X-ray photoelectron spectroscopy (XPS) study
of CeO2-supported Ni and Ru catalysts under ammonia decomposition conditions to get an insight into the
nature of the active sites. Moreover, CeO2 with different morphologies by precise control of surface atomic
arrangements can modify the reactivity of Ce4+/Ce3+ ions, influencing the formation of oxygen vacancies,
which, in turn, affects the catalytic performance26-29. However, the effects of morphologies on CeO2 support
with three-dimensional order mesoporous structure, nanocubes and nanotubes in the ammonia decomposition
have not been investigated.

Therefore, three different morphologies of CeO2 with three-dimensional ordered mesoporous, nanocubes and
nanotubes were designed as the support for ammonia decomposition to evaluate the morphology-dependent
ammonia decomposition activity in this research. Meanwhile, N2 physisorption (BET), transmission elec-
tron microscopy (TEM), X-ray power diffraction (XRD), temperature-programmed reduction of hydrogen
(H2-TPR) and temperature-programmed desorption of carbon (CO-TPD) were used to reveal the catalyst
structure-performance relationship.

2. Experimental

2.1 catalyst preparation

All the chemicals reagents used in our experiments, except for Pluronic P123 (EO20PO70EO20, Aldrich),
were purchased from Sinopharm Chemical Reagent Co., Ltd (analytical grade) and used without further
purification. Highly ordered mesoporous silica with cubic Ia3d symmetry (designated as KIT-6) was prepared
by a template method according to the literature30. In a typical synthesis process, 6 g Pluronic P123 was
dissolved in 217 g de-ionized water and 11.8 g of conc. HCl (37%) and stirred over night at 35ºC. 6 g n-
butanol was added. After 1 hour of stirring, 12.9 g of TEOS (Aldrich 98%) was quickly added and stirred for
24 h at 35ºC. The milky suspension was transferred to a Teflon-lined stainless steel autoclave and annealed
at 100ºC for 24 h. The solid product was filtered, washed with an ethanol-HCl mixture. The sample was
dried at 100ºC and calcined at 550ºC for 5 h to completely eliminate the template. The white KIT-6 powder
(2 g) was obtained.

Three-dimensionally ordered mesoporous CeO2was fabricated using KIT-6 as hard template. Typically, pro-
per amounts of Ce(NO3)3·6H2O was dissolved in 15 mL of ethanol stirring at room temperature, followed by
the addition of 0.5 g of KIT-6 after complete dissolution. After sonicated for 10 min, the precursor@KIT-6
composite was stirred at room temperature until a nearly dry powder, and then dried and calcined at 600ºC
in air atmosphere for 4 h with a heating rate of 1ºC/min. To remove the silica template, the resulting sample
was treated with a hot aqueous solution of 2M NaOH, and then centrifuged and washed with distilled water
and ethanol several times, and eventually dried at 100ºC. The product (0.7 g) was denoted as CeO2-3DOM.

The CeO2-nanotube (CeO2-NT) was prepared by a hydrothermal method according to the literature31. The
synthesis process was as follows: under vigorous stirring, Ce(NO3)3·6H2O (3.4g) was dissolved in 160 mL
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distilled water, and then urea (7.2g) was added. The mixture was transferred to a 200 mL Teflon-lined
stainless-steel autoclave and held in 80ºC for 24 h in an electric oven for 5 h. After the autoclave was cooled
to room temperature, fresh precipitates were separated by centrifugation, washed with deionized water. The
Ce(OH)CO3 was obtained after drying the precipitates at 80ºC in air overnight. The Ce(OH)CO3(0.5g) was
dissolved in 80 mL NaOH (2.4M) solution and then sequentially stirred for 30 min. The mixed solution was
transferred into a 100 mL Teflon-lined autoclave and maintained at 120ºC for 48 h. After the autoclave
was cooled to room temperature, fresh precipitates were separated by centrifugation, washed with deionized
water. The fresh precipitates were dried in air at 80ºC overnight to obtain faint yellow CeO2-NT powder
(0.4 g).

The CeO2-cubes (CeO2-NC) were obtained in a similar procedure in our previous work27,32. Briefly,
Ce(NO3)3·6H2O (1.72g) were dissolved in 20 mL distilled water under vigorous stirring for 30 min and
then added 60 mL NaOH (10M) solution to form a milky slurry. The mixture was transferred into a 100
mL Teflon-lined stainless-steel autoclave and held in 130ºC for 48 h in an electric oven. After hydrothermal
treatment, the suspension was filtered and the solid residue was washed with distilled water, dried at 100°C
overnight to obtain CeO2-NC sample (0.5 g).

The support materials of CeO2-3DOM, CeO2-NC and CeO2-NT were successively impregnated with an
ethanol aqueous solution of Ce(NO3)3·6H2O. The products were evaporated in vacuum conditions and dried
in an oven at 60ºC and calcinated at 600ºC for 2 h in air atmosphere. The Co loading amount for Co/CeO2-
3DOM, Co/CeO2-NC and CeO2-NT catalysts was fixed at 5 wt%. The CeO2 with different morphology
supported Co catalysts for ammonia decomposition to hydrogen is illustrated in Scheme 1.

Scheme 1. Schematic diagram to illustrate the CeO2 with different morphology supported Co catalysts for
ammonia decomposition to hydrogen.

2.2 Catalyst characterization

X-ray diffraction (XRD) measurement was carried out for the prepared catalysts on a Bruker AXS D8 Focus
diffractometer operated with Cu Kα (λ =0.154056 nm) radiation at 40 kV and 30 mA with 3 mm scattering
scale. Diffraction data (2θ = 10-80º) were collected at a scanning rate of 4º/min. The Scherrer equation
(1) was used to determine the crystal size of different phases based on the most intense diffraction peaks for
CeO2(111) and Co3O4 (311).

D = k
cos (1)

Where k is the Scherrer constant, β is full width at half of the maximum intensity, and θ stands for the
diffraction angle.

The surface area and pore size distributions of bare CeO2 support as well of Co/CeO2catalysts were deter-
mined by N2 adsorption/desorption isotherms at -196ºC in a Micromeritics ASAP2020 equipment (Micro-
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meritics, USA). All the samples were treated at 200ºC for 5 h under vacuum ([?] 1 μm Hg), The surface
area was calculated using the Brunauer, Emmett and Teller (BET) method. The pore size distribution was
determined by the Barrett, Joyner, and Halenda (BJH) method.

A transmission electron microscope (TEM, JSM-2010, JEOL, Japan) was used for imaging of the samples,
The powders were suspended in ethanol for 30 min under ultrasonic treatment before they were deposited
onto the carbon-film-coated copper grids.

Reducibility of the catalysts was determined by H2-TPR (Temperature-programmed reduction of hydrogen)
using a Micromeritics 2920 system (Autochem II, Micromeritics, USA) equipped with a TCD detector and
quartz tubular reactor. 50 mg of catalyst was used. Before the H2-TPR analysis, in order to remove the
absorbed impurities (e.g. H2O), the samples was degassed at 200ºC under a Ar flow (30 mL/min) for 1
h. After the sample was cooled to RT, the H2-TPR was then introduced under flow of 10% H2 in Ar (30
mL/min) from 50ºC to 800ºC with a ramp of 10ºC/min. The amount of H2 uptake during the reduction
was recorded by TCD detector.

Temperature-programmed desorption of CO (CO-TPD) was performed on a reactor with the same equipment
of TPR detection to measure the exposed Co surface area. The catalyst (50 mg) was loaded into a 1/4 inch
quartz tube for each test. Prior to the pulse CO chemisorption measurement, the catalyst was reduced at
600ºC for 2 h in 10% H2(balance with Ar), and then cooled down to room temperature in He flow. Then,
the 10% CO/He flow was introduced for a period of 0.5 h at RT. After CO chemisorption was performed
under cryogenic conditions, pure He was introduced to remove redundant CO. Heating were performed with
a 10oC/min ramp from room temperature to 800oC. CO uptake was measured using a gas chromatography
equipped with TCD detector. Co metal surface area was calculated by assuming a stoichiometry of 1:1 for
CO:Co.

X-ray photoelectron spectroscopy with an ESCALAB250 Xi system (XPS, Thermo Fisher Scientific, USA)
was used to determine the binding energies (BEs) of Co 2p, O 1s and Ce 3d of surface species, using
monochromatic AlKa (1486.6 eV) as excitation source. Spectra were registered at ambient temperature in
a vacuum (residual pressure < 10-7 Pa). The binding energy of C 1s (284.8 eV) was used as a reference.
After subtraction of the Shirley-type background in the XPS PEAK program, the spectra was fitted by
the Gaussian function. The surface composition and chemical state were evaluated based on the areas and
binding energies of the Ce 3d, Co 2p and O 1s photoelectron peaks.

2.3 Catalytic activity measurements

Catalytic activities were evaluated in a quartz tube fixed bed reactor with the inner diameter of 6 mm under
pure ammonia (atmospheric pressure, GHSV= 6000 mL/gcat*h). Prior to reaction, the synthesized catalysts
(100 mg) were in-situ reduction by a pure H2 flow at 600oC for 2 h. Then the temperature was decreased
to 300oC under Ar flow. After the residual hydrogen was removed, the gas was switched to ammonia. The
reaction temperature was raised from 300oC to 600oC with a 50oC interval. The inlet flow rate of ammonia
and hydrogen was read from the mass flow controller. On-line gas chromatography (GC-9790II, Zhejiang
FULI Analytical Instrument Co., Ltd., China) which equipped with a TCD detector and Poropak N column
using Ar as carrier gas, was used to analyze the gas composition. The total amount of ammonia in feed gas
and unconverted amount of ammonia were denoted as ANH3,inand ANH3,out, respectively. The conversion of
ammonia (XNH3

) was calculated using the following equation:

XNH3
=

(ANH3,in−ANH3,out)

ANH3,in
×100%(2)

In the desired temperature value, all of the data were done in triplicate after the reaction reached steady
state. The H2 formation rate was calculated from the equation (3), where VNH3 refers to amount at a flow
rate by mass flow meter, as follow:

H2 formation rate (mmol /min• gcat) =
VNH3
22.4 .Conv(NH3)%.1.5

mcat
(3)

3. Results and discussion
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3.1 Characterization

3.1.1 XRD

Fig. 1 shows the powder XRD pattern of the as-prepared CeO2 supports and the corresponding supported
Co catalysts. As shown in Fig. 1a and Fig. 1b, high-intensity peaks at 2θ= 28.6º, 32.9º, 47.5º, 56.3º, 59.1º,
69.4º, 76.7º, and 79.1º, corresponding to (111), (200), (220), (311), (222), (400), (331) and (420) planes, can
be indexed to the face-centered cubic fluorite-structure with space group Fm-3m. Mean crystallite size, as
calculated by Scherrer equation, was 12.7 nm for the CeO2-3DOM, 23.2 nm for the CeO2-NC, and 10.9 nm
for the CeO2-NT. When Co was added to CeO2, the structural characteristic peak of position and intensity
of bare CeO2 did not modify notably, indicating that the crystallite size and the lattice constant of CeO2

remain almost constant. However, the diffraction peak at 37.1º in Fig 1b was the typical reflection of Co3O4

(311), indicating that Co3O4 has formed after calcination treatment for Co/CeO2 catalysts. The crystalline
size of Co3O4 sequence was Co/CeO2-NC (39 nm) > Co/CeO2-3DOM (33 nm) > Co/CeO2-NT (19 nm).

Fig. 1. XRD patterns of (a) CeO2-3DOM, CeO2-NC, CeO2-NT supports and (b) Co/CeO2-3DOM,
Co/CeO2-NC, Co/CeO2-NT.

3.1.2 N2 sorption

The N2 adsorption-desorption isotherms of the as-prepared KIT-6, CeO2 supports and Co/CeO2 with dif-
ferent morphologies were shown in Fig. 2. According to the IUPAC classification, type IV isotherms with
a H1 hysteresis loop were observed in Fig. 2a. Physical properties like specific surface area (SBET), pore
volume (Vt) and pore diameter (dBJH) of the synthesized materials were summarized in Table 1. The KIT-6
synthesized by hydrothermal reaction at 100ºC had a BET surface area of 1243 m2/g, high pore volume of
1.53 cm3/g and average pore size of 6.7 nm. It indicates that calcined Ia3dsilica (KIT-6) has formed the large
channel-like pores in narrow range of size. TEM images of KIT-6 (Fig. 5a and Fig. 5b) directly demonstrated
its structure of well-ordered and alternative pore channels.

As shown in Fig.2b, the adsorption-desorption isotherms of Co/CeO2-NC and Co/CeO2-NT catalysts were

5
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type IV with a H3 hysteresis loop. For Co/CeO2-NT catalyst, the adsorbed volume within a pressure range
about 0.8 < P/P0 < 1 was 260 cm3/g. This is ascribed to the capillary condensation as the adsorption of the
nitrogen molecules sharply increases. For Co/CeO2-3DOM catalysts, the adsorption-desorption isotherms
was type IV with type H1 and H2 hysteresis loops within the specific pressure ranges (0.4 < P/P0 < 0.7
and 0.8 < P/P0 < 0.1, respectively). It indicates that there exists well-developed mesopores in the prepared
Co/CeO2-3DOM catalysts. Compared with the CeO2-3DOM in Table 1, the surface areas and pore volumes
of the supported catalysts were all decreased after the metal loading. This means that Co species have been
incorporated into the pore of the mesoporous CeO2-3DOM.

Fig. 2. N2 physisorption isotherm of (a) KIT-6 and (b) Co/CeO2-3DOM, Co/CeO2-NC, Co/CeO2-NT at
-196ºC. Pore size distribution from BJH desorption (Inset) of (a) KIT-6 and (b) Co/CeO2-3DOM, Co/CeO2-
NC, Co/CeO2-NT.

Table 1. Physical of properties of KIT-6, Co/CeO2-3DOM, Co/CeO2-NC, Co/CeO2-NT catalysts.

Samples CO-uptake (10-3×mmol/gcat)
a H2 formation rate (10-3×mmol/min·gcat)b TOFH2 (min-1)c

Co/CeO2-3DOM 469.1 596.8 1.27
Co/CeO2-NC 464.0 526.8 1.14
Co/CeO2-NT 468.5 304.0 0.65

3.1.3 H2-TPR

The H2-TPR spectra of CeO2 support and Co/CeO2 in Fig. 3 were utilized to examine the strength of
interaction between active component and support. For three CeO2 supports, the temperatures of 250ºC-
400ºC and 400ºC-600ºC represent the reduction of ceria surface oxygen with the formation of Ce3+ species
and an oxygen lacuna on subsurface, respectively. The reduction temperature of 600ºC-1000ºC can remove
bulk oxygen from the ceria structure along with the reduction of Ce4+ into Ce3+ions33,34. However, compared
with CeO2-NC and CeO2-3DOM, the reduction peak of CeO2-NT was weak, indicating that surface capped
oxygen of ceria is little.

The reduction of nano Co3O4 takes place as a two-step reduction process at 320ºC and 400ºC via Co3O4

- CoO - Co035. Co/CeO2-NT (273oC and 288oC), Co/CeO2-NC (251oC and 271oC) and Co/CeO2-3DOM
(311oC and 362oC) catalysts have two reduction peaks. The low temperature section belongs to the Co3+

to Co2+. The high temperature section is assigned to Co2+ to Co0. Obviously, the doped cobalt ions in
these catalysts exist in mixed oxidation states (Co3+ and Co2+), which is confirmed by the results of XRD
characteristic and XPS investigations. Compared with the reduction peak of pure Co3O4, the reduction peak
of Co/CeO2-NT, Co/CeO2-NC and Co/CeO2-3DOM catalysts systematically shifted to the lower tempera-
ture side. It indicates that the reducibility is promoted by the electronic metal-support interaction (EMSI).
Compared to Co/CeO2-3DOM catalyst, Co/CeO2-NC and Co/CeO2-NT catalysts had lower reduced peak
temperature, indicating that the electron metal-support interactions (EMSI) of Co/CeO2-NT and Co/CeO2-
NC catalysts are weaker than that of Co/CeO2-3DOM catalyst. As such, this strong Ce-O-Co bond causes
more electrons transfer from Co to the support, thus forms Con+. As a consequence, the area ratio of
the reduction peaks roughly represents the relative number of Con+. Based on TPR peaks area, the order
of H2 consumption was obtained: Co/CeO2-3DOM (0.80 mmol/gcat) > Co/CeO2-NC (0.79 mmol/gcat) >
Co/CeO2-NT (0.72 mmol/gcat), which is in accordance with the catalytic activity results obtained from Fig.
7.
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Fig. 3. TPR profiles of CeO2-3DOM, CeO2-NC, CeO2-NT supports, Co/CeO2-3DOM, Co/CeO2-NC and
Co/CeO2-NT catalysts.

3.1.4 CO-TPD

Fig. 4 illustrated the desorption behavior of CO from the Co catalysts. The maximum desorption peak
temperature for Co/CeO2-NC, Co/CeO2-NT and Co/CeO2-3DOM catalysts were 102ºC, 86ºC and 98ºC,
respectively. Based on the peak area of CO-TPD profiles and assumption of an adsorption of one per metal
atom36, the CO absorption value of Co/CeO2-3DOM, Co/CeO2-NC and Co/CeO2-NT catalysts were 0.4691
mmol/g, 0.4640 mmol/g and 0.4684 mmol/g, respectively. The Co metal dispersion of Co/CeO2-3DOM,
Co/CeO2-NC and Co/CeO2-NT catalysts were 55.4%, 54.7% and 55.3%, respectively. The turnover frequency
of H2 formation (TOFH2) was calculated by the H2 formation rate (mmol/min·gcat) to the number of exposed
Co surface atoms per gram of catalyst37. As shown in Table 2, the TOFH2 of Co/CeO2-3DOM catalyst (1.27
min-1) was higher than that of Co/CeO2-NC (1.14 min-1) and Co/CeO2-NT catalyst (0.65 min-1).

7
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Fig. 4. CO-TPD profiles of Co/CeO2-3DOM, Co/CeO2-NC and Co/CeO2-NT catalysts.

Table 2. CO-uptake, H2 formation rate and TOF values of the as-prepared samples for ammonia composition
at 350ºC.

a The absorbed CO values of the samples are calculated on the basis of the peak areas of CO-TPD.

b The H2 formation rate of prepared catalysts are calculated by Eq. (3) at 350ºC.

c The TOFH2 values of prepared catalysts are calculated according to the original data provided by the
temperature of 350ºC, the H2 formation rate (mmol/min·gcat) by the composite catalysts per second and
the number of surface of Co atoms determining by CO-TPD37.

3.1.5 TEM

The TEM images of the prepared KIT-6, Co/CeO2-3DOM, Co/CeO2-NC and Co/CeO2-NT catalysts were
shown in Fig. 5 to assess the morphology. As seen from Fig.5a and Fig. 5b, the prepared KIT-6 template
exhibited a well-ordered and alternative pore channel structure (7.5 nm pores size). The CeO2support could
be a very effective replica of the KIT-6 structure to form a three-dimensional ordered mesoporous structure
(Fig. 5c). These observations are consistent with the (BJH) pore size distributions determined from the
desorption branch exhibited in Fig. 2 and Table 1. The mean diameter of CeO2 nanotubes was around 34.5
nm in Fig. 5i. For CeO2-NC supports, the diameter was a size ranging from 13.1 nm to 37.6 nm in Fig. 5e.
The average diameter sizes of observed cobalt nanoparticles for Co/CeO2-NT (Fig. 5i) and Co/CeO2-NC
(Fig. 5h) catalysts were 6.6 nm and 7.8 nm, respectively. While for Co/CeO2-3DOM, the average diameter
size of these particles was 5.2 nm.
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Fig. 5. TEM images of KIT-6 (a, b), CeO2-3DOM (c), Co/CeO2-3DOM (d, g), Co/CeO2-NC (g, h) and
Co/CeO2-NT (f, i).

3.1.6 XPS

The surface chemical composition of Co/CeO2 catalysts in the Fig. 6 were identified by XPS. As for Fig.
6a, the XPS survey spectrum revealed the dominated presence of Ce, Co and O elements in the catalyst
surface. Fig. 6b showed that the XPS spectra of Ce 3d for all the investigated samples fitted well to eight
deconvoluted peaks at 882.5, 884.7, 888.6, 898.4, 900.9, 902.2, 907.5 and 916.6 eV. Peaks of 884.7 and 902.2
eV could be ascribed to Ce3+3d, the remaining peaks could be attributed to Ce4+3d32,38. These results
indicate the coexistence of Ce3+ and Ce4+ species on the surface of three catalysts. The Ce3+/Ce4+ ratio of
Co/CeO2-3DOM (0.53) was higher than that of Co/CeO2-NC (0.39) and Co/CeO2-NT (0.33) catalysts. Due
to the presence of larger Ce3+ ions (ionic radius 1.143Å) replacing smaller Ce4+ ions (0.970Å), this result
shows that the increasing lattice parameter and oxygen vacancies can be formed by migration of oxygen
atoms in the lattice.

As shown in Fig. 6c, the asymmetrical O1s spectra of Co/CeO2-NC catalyst could be decomposed into three
components around at BE = 528.9, 529.6 and 531.3 eV. Similarly, O1s spectra of Co/CeO2-NT catalyst
(deconvoluted peaks at 529.1, 530.0 and 531.6 eV) and Co/CeO2-3DOM catalyst (deconvoluted peaks at
529.5 and 531.3 eV) were present. Deconvoluted peaks below 530 eV could be ascribed to the surface lattice
oxygen (Olatt). Binding energy between 531.3 or 531.6 eV could be ascribed to the adsorbed oxygen (Oads, e.g.
O2-, O2

2- or O-)39. The order of the Oads/Olatt(Co/CeO2-3DOM > Co/CeO2-NC > Co/CeO2-NT) was not
in agreement with that of the surface oxygen concentration atomic (%) in the Table 3. But it was consistent
with H2-TPR result of H2 consumption. That can be explained that surface Co atomic concentration (%) of
Co/CeO2-NT catalyst is higher than that of Co/CeO2-NC catalyst.

As shown in Fig. 6d, Co 2p spectra of three Co/CeO2catalysts with two main peaks around 780 eV and 796
eV were ascribed to a low intensity satellite of Co 2p3/2 and a spin-orbit of Co 2p1/2

35. The characteristic was
further confirmed by XRD results in the Fig. 1b. Compared to Co/CeO2-NC and Co/CeO2-NT catalysts,
the Co 2p BE (eV) of Co/CeO2-3DOM catalyst shifted to higher values (780.49 eV), which agrees with the
formation of the Con+ between Co and CeO2-3DOM40.
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Fig. 6. (a) XPS survey spectra of Co/CeO2-3DOM, Co/CeO2-NT and Co/CeO2-NC catalysts; XPS curve-
fitting of the Ce 3d (b), O 1s (c) and Co 2p (d) photoelectron peaks in the Co/CeO2-3DOM, Co/CeO2-NT
and Co/CeO2-NC catalysts.

Table 3. Quantities of surface element compositions based on XPS for as-prepared catalysts.

Catalyst Co 2p BE (eV)

Surface Co
concentration
atomic % Oads /Olatt

Surface oxygen
concentration
atomic % Ce3+ /Ce4+

Co/CeO2-NC 780.03 2.95 0.50 75.31 0.39
Co/CeO2-NT 779.74 3.26 0.47 76.24 0.33
Co/CeO2-
3DOM

780.49 5.12 0.89 78.50 0.53

3.2 Ammonia decomposition catalytic activity.

The ammonia decomposition reaction (2NH3→3H2+N2 H = 46 kJ/mol) of Co/CeO2-3DOM, Co/CeO2-NC
and Co/CeO2-NT catalysts were carried out at different temperatures. The results of catalytic activity
were showed in Fig. 7. The conversion increased with increasing temperatures is ascribed to endothermic
characteristics of ammonia decomposition. The ammonia could be decomposed completely in 600ºC for
Co/CeO2-3DOM catalyst. The order of activity for these catalysts was Co/CeO2-3DOM > Co/CeO2-NC >
Co/CeO2-NT.
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Fig. 7. Ammonia conversion as a function of reaction temperature over Co/CeO2-3DOM, Co/CeO2-NC and
Co/CeO2-NT catalysts.

Table 4 summarized the ammonia conversion and H2formation of Co/CeO2-3DOM and other typically Co-
based catalysts previously reported in the literature11,20,41-46. Although the activities of Co/MWCNTs,
CoOx@C-700-A, Co3O4 were promoted with mixed oxides and Co/SiO2 catalysts, showing that their H2

formation rates are higher than Co/CeO2-3DOM, the cobalt content of Co/MWCNTs, CoOx@C-700-A,
Co3O4 was more than that of Co/CeO2-3DOM catalyst. In the same cobalt content (5 wt%), the ammonia
conversion and H2formation rate of Co/CeO2-3DOM catalyst are higher than that of Co/MWCNTs, 5CMAl-
2, 5CMCe-2 and Co/MgO-La2O3 catalysts. Pfeiffer et al.41 reported cobalt supported on titanate nanotubes
via an ion-exchange method, by which at 550ºC, the ammonia conversion of 5CoTi-NT, 10CoTi-NT and
20CoTi-NT catalysts were 23%, 31% and 41%, respectively. In this investigation, the ammonia conversion
for cobalt supported on similar CeO2nanotubes structure was 67%, which is higher than these CoTi-NT
catalysts.

Table 4. Ammonia conversion and H2 formation rate over cobalt based catalysts at 500ºC.

Catalyst
Metal content
(wt%) GHSV(ml/gcat*h)

Ammonia
conversion (%)

H2 formation
(mmol/min·gcat)

Co/CNTs44 4.1 5000 8 0.5
Co/MWCNTs20 10 6000 74.6 5.0
Co/MWCNTs51 5 6000 60 4.0
CoOx@C-700-A11 18.7 15000 55 8.8
Co3O4 promoted
with mixed oxides45

94.8 24000 35 9.4

5CMLa-243 5 6000 48 3.2
5CMCe-243 5 6000 40 2.7
5CMAl-243 5 6000 8 0.5
Co/MgO-La2O3

42 5 6000 60 4.0
Co/SiO2

46 66.8 30 000 13 4.3

11
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Catalyst
Metal content
(wt%) GHSV(ml/gcat*h)

Ammonia
conversion (%)

H2 formation
(mmol/min·gcat)

10CoNaTi-NT41 6.8 6000 18 0.35
Co/CeO2-3DOM 5 6000 62 4.2

As shown in Fig. 8, the Co/CeO2-3DOM catalyst catalyzed ammonia decomposition for the long lifetime and
reusability test between 550-600ºC under 6000 mL/gcat*h. It showed that catalytic activity was reproducible
in a temperature cycle of 550oC (6 h) to 600oC (18h), then to 550oC (12 h). The excellent catalytic stability
and reproducibility of Co/CeO2-3DOM catalyst could be ascribed to three-dimensional ordered mesoporous
structure, which acts as anchoring sites for cobalt active sites and prevents the phenomenon of active site
aggregation.

Fig. 8. Time course of ammonia decomposition at 550ºC and 600ºC using Co/CeO2-3DOM as a catalyst at
GHSV=6 000 mL h-1 gcat

-1.

The role of different morphology was further verified by the kinetic analysis. The experimental data were eva-
luated by applying simple power-law kinetics. According to Arrhenius equation(ln (rate) = Constant−Ea

R
1
T ),

the Arrhenius plots over Co/CeO2 catalysts were measured in the range of 350-500ºC and shown in Fig. 9.
It was observed that the Ea value decreased in the order Co/CeO2-NT (62.31 kJ mol-1) > Co/CeO2-NC
(52.37 kJ mol-1) > Co/CeO2-3DOM (51.23 kJ mol-1). Su et al.15 reported that the lowest activation energy
of Co nanoparticles inside the tubular channel of carbon nanotubes was 79 kJ mol-1. Comparable to the Co
catalyst on different carbons supports47, the activation energy of Co/CeO2 catalysts was lower than most of
the published Co-based catalysts41-43.

Fig. 9. The Arrhenius plots for ammonia decomposition over Co/CeO2-3DOM, Co/CeO2-NC and Co/CeO2-
NT catalysts.

12
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The reaction mechanism of ammonia decomposition can be explained in following steps: Firstly, ammonia
is adsorbed to the active sites and then dissociated into adsorption of N and H atoms. Secondly, N and H
atoms recombine in the surface of active sites. Finally, the recombinative N and H atoms desorb from the
surface of active sites. The preferred adsorption sites and adsorption energies of NHx (x = 0-3) and H, and
N recombination reactions on the close-packed Fe (110), Co (111) and Ni (111) surfaces were investigated
by DFT calculations48. Since N desorption is the slowest elementary step of ammonia reaction, it can be
observed some accumulation of adsorbed N atoms on the active sites surface, blocking part of the active sites
surface. In our previous work49, electron donating group (such as K+) as a promoter facilitating electron
transfer from support to Ru further facilitates the recombinative desorption of surface N atoms. The electron
donation effect of Ce (or oxygen anion vacancy) can weaken the bonding of N adatoms to the Co surface,
and then speed the recombinative desorption of N adatoms. This can be described as the following equation
(� represents the oxygen anion vacancy):

Ce4+
(
O2−)

2−x
(e−)2x +Co =Ce4+

(
O2−)

2−x
(�)2x +Co (e−)2x(4)

Meanwhile, it is well known for Ru-based catalysts that B5-type site, which consists of an arrangement of
three Ru atoms in one layer and two other Ru in an internal layer, can enhance catalytic activity for ammonia
decomposition50. 3d transition metals such as Fe or Co have a similar configuration to the Ru step sites with
size around 7 nm rich in B5 sites25. Laura et al.47 suggested that smaller particles were more active than
large crystallites in cobalt/carbon catalysts. An approximate cobalt average particle of Co/CeO2-3DOM
catalyst is size of 5.2 nm, which seems to be in agreement with the high activity of the cobalt active sites.

Based on the results of catalytic activity data and the catalyst characterizations, it can conclude that
catalytic ammonia decomposition performance of cobalt catalyst depends largely on the structure of the
CeO2 support material and the cobalt particle size. The high performance of the Co/CeO2-3DOM catalyst
for ammonia decomposition is because of the following reasons:

1. Presence of high surface area and high surface cobalt atomic concentration.
2. Three-dimensional order mesoporous CeO2 supports capable of stabilizing small cobalt nanoparticles.
3. Presence of more surface oxygen vacancies and better Ce3+/Ce4+ redox properties compared to other

morphology catalysts.
4. Strong metal-support interaction increased transfer electron between cobalt and CeO2-3DOM support.

4. Conclusion

Different morphology CeO2 samples with three-dimensional order mesoporous, nanotubes and nanocubes and
their supported Co nanocatalysts have been successfully prepared to investigate the morphology-performance
relationship for ammonia decomposition. The Co/CeO2 catalysts from TEM characterization display a
nanoparticle structure with an average size of 5.2-7.8 nm. Compared with Co/CeO2-NT and Co/CeO2-NC
catalysts, the Co/CeO2-3DOM catalyst possesses the lowest Ea value (51.23 kJ/mol) for ammonia decom-
position. The excellent catalytic performance of the Co/CeO2-3DOM is attributed to the high surface area,
more surface oxygen vacancies, strong metal-support interaction, high surface cobalt atomic concentration
and smaller particle size. Electronic effect is a critical factor for the high performance of the Co/CeO2-3DOM
catalyst. In addition, the Co/CeO2-3DOM catalyst shows high stability and superior anti-sintering property
during a 36 h lifetime test without deactivation due to the confinement effect of the three-dimensional or-
dered mesoporous structure. The same strategy can extend to other three-dimensional ordered mesoporous
structured oxides, opening a new way for the design of multi-functional nanocatalysts for the ammonia
decomposition.
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