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A B S T R A C T

The fabrication of nanomaterial is a crucial issue in heterogeneous catalysis for on-site generation of hydrogen in
proton exchange membrane fuel cell to achieve excellent performance for ammonia decomposition, and their
effects of morphologies are still mysterious in the structure-reactivity relationship. In order to disclose it, three
kinds of 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 sym-
metries, hydrothermal method with and without urea, respectively. Various characterization methods (XRD,
BET, H2-TPR, CO-TPD, TEM and XPS) were used to characterize the structure-reactivity relationship of catalysts.
The Co/CeO2-3DOM catalyst had higher H2 producing rate (4.2 mmol/min･gcat) than Co/CeO2-NC (3.5 mmol/
min･gcat) and Co/CeO2-NT (3.2 mmol/min･gcat) under the reaction conditions of 500 °C and GHSV = 6000 mL/
gcat･h. The Co/CeO2-3DOM catalysts presented Co nanoparticles with mean size of 5.2 nm, and the highest
surface Co concentration (5.12%) and Ce3+/Ce4+ ratio (0.53). Its high activity is attributed to higher surface
area and more surface oxygen vacancies. The specific surface area and surface oxygen vacancy are significantly
affected by the morphology of CeO2 support. The more mechanism insight of the structure-activity relationship
for ammonia decomposition has been revealed.

1. Introduction

Hydrogen storage technology is very important for utilization of
hydrogen energy. Many kinds of hydrogen storage materials (including
substances with the ability to absorb hydrogen, or hydrogen-containing
compounds) have been studied so far [1,2]. Among those hydrogen
resources, the on-site generation of COx-free hydrogen from ammonia
decomposition directly fed to proton exchange membrane (PEM) fuel
cells is especially considering [3]. This is due to conversion of ammonia
to hydrogen and nitrogen without production of COx, which causes
global warming (CO2) and degrades cell electrodes (CO). Ammonia can
be stored as liquid at 0.8 MPa (293 K). Moreover, it has a high gravi-
metric (17.8 wt% H2), volumetric (121 kg H2∙m−3 in the liquid) H2

density and energy density (3000 Wh∙kg−1). In addition, ammonia can
be produced on an industrial scale through Haber-Bosch process [4,5].
Ammonia has not been widely used as an intermediate of hydrogen
storage and transportation, because there is no effective catalyst to

decompose ammonia into nitrogen and hydrogen [6,7]. Therefore, de-
velopment of catalysts to efficiently attain hydrogen through on-site
generation from ammonia at low temperature is critically important for
mobile and remote applications.

Nowadays, many researchers have focused on Ru-[8–11], Ni-
[11,12], Fe-[11,13] and Co-[14–17] based catalysts for ammonia de-
composition. The high cost of Ru metal restricts the large-scale appli-
cations of Ru-based catalysts with high catalytic activity. Therefore,
looking for a non-noble metal to replace Ru metal is necessary for
practical applications. Amongst these transition metal based catalysts,
the nitrogen binding energy of Co-based catalysts is the closest to the
ideal value, so it has great potential for practical application [18]. Due
to the relative low cost and its nitrogen adsorption energy, cobalt has
also been explored as an alternative to ruthenium for hydrogen pro-
duction via the ammonia decomposition reaction. For example, Dilek
et al. [19] reported that cobalt incorporated silicate structured catalysts
were prepared with sodium silicate using different cobalt precursors to
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see the effects of cobalt precursors on the hydrogen production from
ammonia. They confirmed that Co3O4 crystal was the main form of
cobalt species in the structure of all the catalysts after their calcination
at 550 °C. Podila et al. [15] revealed that high activity could be ob-
tained by tailoring the alkaline strength of the mixed oxides as supports.
The enrichment in activity of Co-based catalysts could be attributed to
the increase of support basicity. Li et al. [14] found that the catalytic
activity of cobalt nanoparticles embedded in a porous carbon matrix
showed an obvious decrease with the increase of Co particle size.
However, the methanation process of carbon matrix support at tem-
peratures above 550 °C is an inherent disadvantage. Subsequently, the
development of highly active Co-based catalysts for ammonia decom-
position becomes a major aspect of research in this field.

CeO2 can be used as the catalyst, support, or promoter for the cat-
alytic ammonia decomposition [9,20,21]. Since ammonia decomposi-
tion is a structural sensitive reaction, extensive studies have focused on
the effect of particle sizes, support components and promoters on am-
monia decomposition [10,13–16,20,22,23]. These factors are related to
the parameters of the active site, but it is not enough to understand the
relationship between the structure and the active sites. The control of
morphology provides a possible way for deep understanding of the
structure-reactivity relationship. The structure-morphology-perfor-
mance relationship of ammonia decomposition by adjusting the mor-
phology of Co/CeO2 catalyst has not been reported so far.

Therefore, different morphologies of CeO2 with three-dimensional
ordered mesoporous, nanocubes and nanotubes were designed as the
support to evaluate the ammonia decomposition activity in this re-
search. Meanwhile, the structure and surface properties of Co/CeO2

catalysts were revealed by various physicochemical characterization
(such as N2 physisorption (BET), transmission electron microscopy
(TEM), X-ray power diffraction (XRD), temperature-programmed re-
duction of hydrogen (H2-TPR), temperature-programmed desorption of
carbon (CO-TPD) and X-ray photoelectron spectroscopy (XPS)). The
relationship between structure-morphology-performance for ammonia
decomposition has been expounded.

2. Experimental

2.1. Catalyst preparation

Highly ordered mesoporous silica (designated as KIT-6) was syn-
thesized by the Pluronic P123 triblock copolymer method [24]. Under
stirring conditions, conc. HCl (11.8 g, 37%) was dissolved in 217 g of
deionized water. Pluronic P123 (6 g, EO20PO70EO20, Aldrich) was
added to the solution and stirred for 12 h. n-butanol (6 g) and TEOS
(12.9 g, Aldrich 98%) were added to the above mixture successively.

After stirring for 24 h, the milky suspension was transferred to an au-
toclave and annealed at 100 °C for 24 h. After cooling to room tem-
perature, the solid products were washed with the ethanol-HCl mixture,
then dried at 100 °C and calcined at 550 °C for 5 h to remove the
template completely. The white KIT-6 powder (2 g) was obtained.

Three-dimensionally ordered mesoporous CeO2 was fabricated
using KIT-6 as a hard template. Typically, an appropriate amount of Ce
(NO3)3·6H2O was added to the 15 mL ethanol solution. After the dis-
solution of Ce(NO3)3·6H2O, KIT (0.5 g) was added and stirred to dry at
room temperature. Under air atmosphere, the precursor@KIT-6 com-
posite was heated at a rate of 1 °C/min for 5 h at 550 °C. To remove the
silica template, the obtained solid powder was next washed with 2 M
NaOH solution. After dried at 100 °C, the product (0.7 g) was denoted
as CeO2-3DOM.

The CeO2-nanotube (CeO2-NT) was prepared by a hydrothermal
method according to the literature [25–27]. The synthetic procedure is
as follows: under the condition of magnetic stirring, Ce(NO3)3·6H2O
(3.4 g) and urea (7.2 g) were successively dissolved in 160 mL deio-
nized water, and then transferred to an autoclave at 80 °C for 24 h. The
Ce(OH)CO3 was obtained after washing, filtration and drying of pre-
cipitate. Ce(OH)CO3 (0.5 g) was dissolved in 80 mL NaOH (2.4 M)
solution. The mixture was transferred to the Teflon reactor for 120 °C
reaction for 12 h after stirring for 30 min. Light yellow CeO2-NT powder
(0.4 g) was obtained after filtration, washing and drying.

The CeO2-cubes (CeO2-NC) synthesis is similar to our previous work
[26,27]. Briefly, under the condition of vigorous stirring, Ce
(NO3)3·6H2O (1.72 g) and 60 mL NaOH (10 M) solution were succes-
sively dissolved in 20 mL deionized water to form a milky slurry. The
mixture was transferred to the autoclave and held in 130 °C for 48 h.
CeO2-NC sample (0.5 g) were obtained by filtration, washing and
drying.

Appropriate amount of Co(NO3)3·6H2O solution was impregnated
on CeO2-3DOM, CeO2-NC and CeO2-NT supports. After vacuum drying
at 60 °C, Co/CeO2 catalysts with different morphologies were obtained
after calcination at 600 °C in an air atmosphere for 5 h. The mass ratio
of Co for three Co/CeO2 catalysts was fixed at 5 wt%. The design route
of CeO2 with different morphology supported Co catalysts for ammonia
decomposition to hydrogen is illustrated in Scheme 1.

2.2. Catalyst characterization

2.2.1. XRD
X-ray diffraction (XRD) patterns of the prepared catalysts were

completed on a Bruker AXS D8 Focus diffractometer. The conditions
was as follows: Cu Kα (λ = 0.154056 nm) radiation at 40 kV and
30 mA with 3 mm scattering scale, diffraction data (2θ = 10–80°) at a

Scheme 1. Schematic diagram to illustrate the CeO2 with different morphology supported Co catalysts for ammonia decomposition to hydrogen.
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scanning rate of 4°/min. Based on the CeO2 (111) and Co3O4 (311)
diffraction peaks, the Scherrer equation (1) was used to calculate the
crystal size of CeO2 and Co3O4, respectively.

=
λ

β θ
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.

2.2.2. N2 sorption
A Micromeritics ASAP2020 equipment (Micromeritics, USA) was

used to measure the surface area and pore size distributions of bare
CeO2 support as well of Co/CeO2 catalysts. All the samples were de-
gassed at 200 °C for 2 h prior to measurement.

2.2.3. TEM
A transmission electron microscope (TEM, JSM-2010, JEOL, Japan)

was used for imaging of the samples. After dispersing the sample to the
acetone solution by ultrasound for 0.5 h, the mixture was impregnated
and dispersed to the carbon-film-coated copper grids.

2.2.4. H2-TPR
A Micromeritics 2920 system (Autochem Ⅱ, Micromeritics, USA)

equipped with a TCD detector and quartz tubular reactor was used to
detect the reducibility of catalysts. The procedure was as follows: 50 mg
catalyst was placed in a quartz tube and degassed at 200 °C for 1 h to
remove impurities adsorbed in the catalyst. After cooled to room tem-
perature, the sample was heated from room temperature to 800 °C at a
flow of 10% H2/Ar (30 mL/min) and a rate of 10 °C/min.

2.2.5. CO-TPD
Temperature-programmed desorption of CO (CO-TPD) was per-

formed 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 quartz tube for each test. Prior to the pulse CO chemisorption
measurement, the catalyst was reduced at 600 °C 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
room temperature. After CO chemisorption was performed under
cryogenic conditions, pure He was introduced to remove redundant CO.
Heating treatment was performed with a 10 °C/min ramp from room
temperature to 800 °C. CO uptake was measured using a gas chroma-
tography equipped with TCD detector. Co metal surface area was cal-
culated by assuming a stoichiometry of 1:1 for CO:Co.

2.2.6. XPS
An ESCALAB250 Xi system (XPS, Thermo Fisher Scientific, USA)

with monochromatic Al Ka (1486.6 eV) as excitation source was used to
determine the binding energies (BEs) of surface species. The C1s peak
(284.8 eV) from adventitious carbon was as a reference of the binding
energy. The surface composition and chemical state were analyzed by
the 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
under pure ammonia (atmospheric pressure, GHSV = 6000 mL/gcat･h).
Prior to the reaction, all catalysts (100 mg) were in-situ reduction by a
pure H2 flow at 600 °C for 2 h, followed by a purge of residual hydrogen
with Ar gas. After the temperature drops to 300 °C, the Ar flow was
switched to ammonia gas, and then the temperature rises to 600 °C at

Fig. 1. TEM images of KIT-6 (a, b), CeO2-3DOM (c), Co/CeO2-3DOM (d, g), Co/CeO2-NC (e, h) and Co/CeO2-NT (f, i).
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intervals of 50 °C. The data at each temperature was obtained con-
tinuously under the steady state. The on-line gas chromatography (GC-
9790Ⅱ, Zhejiang FULI Analytical Instrument Co., Ltd., China) equipped
with a TCD detector was used to analyze the composition of gases. The
gas chromatographic condition was as follows: Ar gas as carrier gas,
Poropak N column. The total amount of ammonia in feed gas and un-
converted amount of ammonia were denoted as ANH in,3 and ANH out,3 ,
respectively. The conversion of ammonia was obtained by formula (2).

=
−

×X
(A A )

A
100%NH

NH ,in NH ,out

NH ,in
3

3 3

3 (2)

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

=H formation rate (mmol/min·g )
·Conv %. 1.5

m2 cat

V
22.4 (NH )

cat

NH3
3

(3)

3. Results and discussion

3.1. Structure and morphology of the CeO2 catalysts

The TEM images of the prepared KIT-6, Co/CeO2-3DOM, Co/CeO2-
NC and Co/CeO2-NT catalysts were illustrated in Fig. 1. Among all of
them, Fig. 1a and b showed that the KIT-6 template was successfully
prepared with a well-ordered and alternate pore channel structure with
an aperture of 7.5–7.8 nm. Fig. 1c showed that CeO2 had a three-di-
mensional ordered mesoporous structure after removing the KIT-6
template. These alignments of the cylindrical channel with cubic Ia3d
symmetries structure were distributed along the direction of [110] or
[001]. The average diameter of these particles for Co/CeO2-3DOM
catalyst was 5.2 nm. The uniform cube morphology with size range of
13.1 nm to 37.6 nm was presented in Fig. 1e and h. The average dia-
meter of cobalt nanoparticles for Co/CeO2-NC (Fig. 1h) catalysts was
7.8 nm. The mean diameter of CeO2 nanotubes was around 34.5 nm in
Fig. 1i. After loading the cobalt metal, the cobalt nanoparticles with an
average diameter of 6.6 nm were dispersed the surface of the CeO2

nanotubes in the Fig. 1f and i. The (110) and (100) crystal planes are
the main exposed crystal planes of CeO2 nanotubes and CeO2 nano-
cubes, respectively [26,27]. It confirms that the desired morphology
has been successfully synthesized in our experiment.

Fig. 2 showed the powder XRD pattern of the as-prepared CeO2

supports and the corresponding supported Co catalysts. The char-
acteristic peaks of a typical crystalline fluorite structure (PDF# 34-
0394) appeared in all catalysts at 2θ = 28.6°, 32.9°, 47.5°, 56.3°, 59.1°,

69.4°, 76.7°, and 79.1°, corresponding to the (111), (200), (220),
(311), (222), (400), (331) and (420) planes, respectively [28]. By
Scherrer equation calculation, the crystallite size of CeO2-3DOM, CeO2-
NC and CeO2-NT supports were 12.7 nm, 23.2 nm and 10.9 nm, re-
spectively. After Co was cross-linked with CeO2 supports, the structural
characteristic peak of bare CeO2 did not modify notably, indicating that
thermal treatment does not lead to a collapse of the fluorite structure of
bare CeO2. Meanwhile, the weaker peak of Co3O4 (311) at 37.1° (PDF#

43–1003) appeared in Fig. 2b, indicating that Co3O4 is the main crys-
talline structure of cobalt metal after calcination. The order of Co3O4

crystalline size of the three catalysts was as follows: Co/CeO2-NC
(39 nm) > Co/CeO2-3DOM (33 nm) > Co/CeO2-NT (19 nm). For the
reduced Co/CeO2 samples, besides the diffraction rays of CeO2 support,
Co metal peak did not appear. However, a very weak peak of Co3O4

could be observed. When the catalyst was exposed to air, the Co metal
was oxidized again after reduction by hydrogen. The used Co/CeO2-
3DOM catalyst after stability test at 600 °C was also characterized by
XRD. It could be realized from the Fig. 2 that the peak of the Co/CeO2-
3DOM catalyst did not change significantly, indicating that the Co/
CeO2-3DOM catalyst is stable.

The N2 adsorption-desorption isotherms and pore size distribution
of KIT-6 and Co/CeO2 with different morphologies were shown in
Fig. 3. According to the IUPAC classification, the N2 adsorption-deso-
rption isotherms of KIT-6 belonged to type IV and H1 hysteresis loop in
Fig. 3a. More physical properties of the as-prepared samples were listed
in Table 1. KIT-6 synthesized by a triblock copolymer
(EO20PO70EO20)–butanol mixture for the structure direction method
had a BET surface area of 1243 m2/g, a pore volume of 1.53 cm3/g and
an average pore size of 6.7 nm. These characteristics indicate that KIT-6
has a large channel-like pores structure [29]. TEM images (Fig. 1a and
b) also demonstrated that KIT-6 had this unique structure. For Co/
CeO2-NC and Co/CeO2-NT catalysts, the adsorption-desorption curves
of type IV with a H1 hysteresis loop was presented in Fig. 3b. In the
etching process, the mesoporous structure of CeO2-3DOM emerged after
the silica template was washed off from the ceria/silica composite.
Therefore, the mesopores in the CeO2 matrix resembles the same
narrow form of silica walls which are channel-like. Nitrogen physi-
sorption isotherms of Co/CeO2-3DOM catalyst exhibited a type IV iso-
therm with a broad capillary condensation range starting at about P/
P0 = 0.6 and extending almost to P/P0 = 1, indicative of a high
fraction of textural porosity [24]. After metal nanoparticles loading
onto the CeO2-3DOM support, the specific surface area and pore volume
were significantly reduced, indicating that the Co nanoparticles cover
and/or enter the pore channel.

Fig. 2. a. XRD patterns of CeO2-3DOM, CeO2-NC, CeO2-NT supports; b. XRD patterns of Co/CeO2-3DOM (a), reduced Co/CeO2-3DOM (b), used Co/CeO2-3DOM (c),
Co/CeO2-NT (d), reduced Co/CeO2-NT (e), Co/CeO2-NC (f), reduced Co/CeO2-NC (g) catalysts.
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3.2. Surface chemical properties and reduction behavior analysis

The surface chemical compositions and chemical states of Co/CeO2

catalysts were revealed by XPS in the Fig. 4. As shown in Fig. 4a, except
for Ce, Co and O elements, the XPS survey spectra revealed that there
were no other redundant elements on the surface. Fig. 4b showed the
XPS spectra of Ce 3d of CO/CeO2 catalysts with different morphologies.
All catalysts were divided into eight deconvoluted peaks after decon-
volution. The peak at 882.5, 888.6, 898.4, 900.9, 907.5 and 916.6 eV
belonged to Ce3+3d binding energy, while the peak position of Ce4+3d
bond energy should located at 884.7 and 902.2 eV [27,30]. The Ce 3d
of the mixed valence state indicates that the surface of CeO2 support has
redox property, which increases the oxygen migration on the surface
through redox reactions of Ce3+/Ce4+. By integrating the peak area,
the Ce3+/Ce4+ ratio of Co/CeO2-3DOM (0.53) was significantly higher
than that of Co/CeO2-NC (0.39) and Co/CeO2-NT (0.33) catalysts. The
O1s spectrum was used to further analyze the surface oxygen species.
As shown in Fig. 4c, the Co/CeO2-NC catalyst could be fitted into three
peaks at BE = 528.9, 529.6 and 531.3 eV. Similarly, O1s spectra of Co/
CeO2-NT and Co/CeO2-3DOM catalysts could be divided into three
peaks (529.1, 530.0 and 531.6 eV) and two peaks (529.5 and 531.3 eV)
after Gaussian function fitting, respectively. These peaks at
528.9–530 eV are attributed to lattice oxygen, while other peaks (531.3
and 531.6 eV) are attributed to surface adsorbed oxygen species
[30,31]. Considering the integrated XPS peak area of lattice oxygen and
surface adsorbed oxygen species, the order of the Oads/Olatt was follows:
Co/CeO2-3DOM > Co/CeO2-NC > Co/CeO2-NT. Surface oxygen
species are related to active species, therefore, the Co 2p profile on the
catalyst surface was further analyzed. As shown in Fig. 4d, the Co 2p
energy spectra of the three catalysts showed two bond energy peaks at
780 eV and 796 eV. After fractional peak fitting and analysis, the cat-
alyst surfaces of Co3+ and Co2+ are corresponding to Co2O3 and CoO
species, respectively [32,33]. This indicates that Co3O4 is the main
active component after calcination. Table 2 further showed that the

content of Co on the surface of Co/CeO2-3DOM catalyst was sig-
nificantly higher than that of the other two catalysts.

The relationship between active component and support was further
characterized by H2-TPR. The result was shown in Fig. 5. As for the
CeO2 supports, the reduction temperature of surface reactive oxygen
species was 250–400 °C. The reduction temperature between 400 and
600 °C was due to the change process of bulk oxygen species. The high
reduction temperature (over 600 °C) was attributed to the stable oxygen
species [33,34]. CeO2-3DOM catalyst obviously had the readily reduced
oxygen species at 376 °C. The surface oxygen species was easier to use
than other oxygen species. After Co-O-Ce crosslinking, the reduction
peak of Co shifted to low temperature [32]. Co/CeO2-NT (273 °C and
288 °C), Co/CeO2-NC (251 °C and 271 °C) and Co/CeO2-3DOM (311 °C
and 362 °C) catalysts had two obvious reduction peaks. The low tem-
perature region belonged to the process of Co3+ reduction to Co2+

(Co3O4 → CoO). The high temperature reduction peak was attributed to
the Co2+ reduction to Co0 process (CoO → Co0). Based on TPR peaks
area, the order of H2 consumption was obtained: Co/CeO2-3DOM
(552.0 × 10-3 mmol/gcat) > Co/CeO2-NC (549.3 × 10-3 mmol/
gcat) > Co/CeO2-NT (548.9 × 10-3 mmol/gcat), which is in accordance
with the catalytic activity results obtained from Fig. 7. Compared with
the reduction peak of Co/CeO2-3DOM catalyst, the reduction peak of
Co/CeO2-NC and Co/CeO2-NT catalysts shifted to low temperature,
indicating that Co/CeO2-3DOM catalyst has stronger Ce-O-Co bond.

The desorption behavior of CO from the Co catalysts to explore the
number of active sites was illustrated in Fig. 6. The desorption peaks of
Co/CeO2-NC, Co/CeO2-NT and Co/CeO2-3DOM catalysts were 102 °C,
86 °C and 98 °C, respectively. Based on the peak area of CO-TPD profiles
and assumption of an adsorption of one per metal atom, the Co metal
dispersion ratios of Co/CeO2-3DOM, Co/CeO2-NC and Co/CeO2-NT
catalysts were 39.0%, 37.0% and 30.8%, respectively. The turnover
frequency was calculated by formula (4), here D and ntotal represent the
dispersion and the total amount of active metal respectively.

=
×

TOF
H formation rate (mmol/min·g )

n DH
2 cat

total
2 (4)

As shown in Table 3, the TOFH2 of Co/CeO2-3DOM catalyst
(1.81 min−1) was higher than that of Co/CeO2-NC (1.68 min−1) and
Co/CeO2-NT catalyst (1.16 min−1).

3.3. Catalytic activity

Fig. 7 illustrated the catalytic performance of the Co/CeO2-3DOM,
Co/CeO2-NC and Co/CeO2-NT catalysts in the ammonia decomposition
reaction ( → + =2NH 3H N ΔH 46kJ/mol3 2 2 ). At temperatures below
300 °C, the ammonia conversion rate was close for the three catalysts.
Subsequently, with the increase of temperature, the ammonia

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

Table 1
BET surface areas, pore volume, and average pore diameters (BJH) for KIT-6,
Co/CeO2-3DOM, Co/CeO2-NC, Co/CeO2-NT catalysts.

Samples S(BET) (m2/g) Pore volume (cm3/g) Pore diameter (nm)

KIT 1243 1.53 6.7
CeO2-3DOM 90 0.24 9.4
CeO2-NT 45 0.08 5.9
CeO2-NC 36 0.05 23.1
Co/CeO2-3DOM 64 0.19 10.7
Co/CeO2-NT 41 0.07 6.0
Co/CeO2-NC 20 0.03 28.5
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conversion rate of Co/CeO2-3DOM catalyst with a Ce3+/Ce4+ of 0.53
was significantly higher than that of Co/CeO2-NC (Ce3+/Ce4+=0.39)
and Co/CeO2-NT (Ce3+/Ce4+=0.33) catalysts. In the test temperature
range, the order of activity of the three catalysts was as follows: Co/
CeO2-3DOM > Co/CeO2-NC > Co/CeO2-NT.

Table 4 summarized the reported ammonia conversion rate and H2

formation rate of Co-based catalysts [11,14–17,23,35,36]. Although the
ammonia conversion and H2 formation rates for Co/MWCNTs,
CoOx@C-700-A and CoX (X =Mn, Cr) and Co/SiO2 catalysts were high,
the activity of these catalysts was obtained under high cobalt metal
loads. In the same cobalt content (5 wt%), the ammonia conversion and
H2 formation rate of Co/CeO2-3DOM catalyst were higher than that of
Co/MWCNTs, 5CMAl-2, 5CMCe-2 and Co/MgO-La2O3 catalysts. In ad-
dition, the ammonia decomposition activity of 5CoTi-NT (titanium
nanotubes loaded 5 wt%Co) at 550 °C was 19%. In this study, the ac-
tivity of Co/CeO2-NT catalyst with similar nanotube structure at 550 °C
was 67%.

The relationship between morphology and activity was further
analyzed by Arrhenius equation = −(ln(rate) Constant )E

R
1
T

a , where
rate is referred to the H2 formation rate, Ea is the activation energy, R is
the universal gas constant, T is the temperature. As shown in the Fig. 8,
the Ea of the three catalysts could be compared in the following order:
Co/CeO2-NT (69.0 kJ mol−1) > Co/CeO2-3DOM

(64.7 kJ mol−1) > Co/CeO2-NC (63.5 kJ mol−1). It is well known that
the activation energy of the catalyst also represents the minimum

Fig. 4. (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 2
Summary of the XPS data for Co/CeO2-3DOM, Co/CeO2-NC and Co/CeO2-NT 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

Fig. 5. Temperature program spectra of CeO2-3DOM, CeO2-NC, CeO2-NT sup-
ports, Co/CeO2-3DOM, Co/CeO2-NC and Co/CeO2-NT catalysts.
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energy barrier required to catalyze the reaction. It could be concluded
from the characterization of the three catalysts that different
morphologies form oxygen vacancies on the surface, resulting in dif-
ferent activation energies.

As shown in Fig. 9, the stability and reproducibility of the most
active Co/CeO2-3DOM catalyst were tested between 550 °C and 600 °C.
It was obvious that the activity of the Co/CeO2-3DOM catalyst re-
mained stable after 72 h. The stability and reproducibility are critical
for industrial applications of catalysts.

3.4. Structure-activity relationship

Multiple characterizations were employed to understand struc-
ture–activity relationship for ammonia decomposition. As shown in

Figs. 2, 4, 5 and 6, these peak shapes of the three catalysts were similar,
indicating similar structures and active sites during ammonia decom-
position. So it could be seen from Fig. 7 that there was little difference
in the initiation of catalytic activity and the trend of change. Tradi-
tionally, the size of the nanocatalysts is the key factor of the activity. It
is generally accepted that the smaller the cobalt particle size, the higher
the catalytic activity [14,35], which is so-called size-dependent cata-
lytic chemistry. In this study, an approximate cobalt average particle of
Co/CeO2-3DOM catalyst was 5.2 nm of size. It seemed to agree with the
high activity of the cobalt active sites. However, the particle size be-
tween these Co/CeO2 catalysts with different morphology was similar
in the Fig. 1. It indicates that the main factor of catalytic activity for Co/
CeO2 catalysts is not nanoparticle size.

Fig. 6. CO-TPD profiles of CeO2-3DOM, CeO2-NC, CeO2-NT, Co/CeO2-3DOM,
Co/CeO2-NC and Co/CeO2-NT catalysts.

Fig. 7. Ammonia conversion as a function of reaction temperature over Co/
CeO2-3DOM, Co/CeO2-NC and Co/CeO2-NT catalysts.

Table 3
Summary of CO-uptake, H2 formation rate and TOF values of the as-prepared samples.

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

Co/CeO2-3DOM 330.5 596.8 1.81
Co/CeO2-NC 313.4 526.8 1.68
Co/CeO2-NT 261.0 304.0 1.16

a Co-uptake data values were obtained by quantitatively analyzing the CO-TPD profiles.
b The H2 formation rate data of Co/CeO2 with different morphologies were obtained by formula (3) at 350 °C.
c The value of TOFH2 was calculated by formula (4) [42].

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

Catalyst Metal
content
(wt%)

GHSV
(ml/
gcat･h)

Ammonia
conversion (%)

H2 formation
(mmol/
min·gcat)

Co/CNTs[36] 4.1 5000 8 0.5
Co/MWCNTs[16] 10 6000 74.6 5.0
Co/MWCNTs[43] 5 6000 60 4.0
CoOx@C-700-A[14] 18.7 15,000 ~55 8.8
CoX(X = Mn, Cr)

[17]
94.8 24,000 35 9.4

5CMLa-2[15] 5 6000 48 3.2
5CMCe-2[15] 5 6000 40 2.7
5CMAl-2[15] 5 6000 8 0.5
Co/MgO-La2O3[23] 5 6000 60 4.0
Co/SiO2[11] 66.8 30 000 13 4.3
10CoNaTi-NT[35] 6.8 6000 ~18 0.35
5CoTi-NTa[35] 5 6000 19 0.41
Co/CeO2-3DOM 5 6000 62 4.2

a Measured at 550 °C.

Fig. 8. The Arrhenius plots for ammonia decomposition over Co/CeO2-3DOM,
Co/CeO2-NC and Co/CeO2-NT catalysts.
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The physical adsorption measurement in Fig. 2 and Table 1 showed
that the Co/CeO2-3DOM catalyst had a higher specific surface area than
the Co/CeO2-NC and Co/CeO2-NT catalysts, and the specific surface
area was directly changed by the controlled morphology of the CeO2

support. It is well known that high specific surface area and large pore
volume facilitate mass transfer in the process of ammonia decomposi-
tion. In addition, the high specific surface area provides more oppor-
tunities for the exposure of the active surface. From a kinetic point of
view, as ammonia decomposition reaches dynamic equilibrium, the
ammonia conversion rate is affected by the partial pressure of ammonia
adsorbed on the active site. On the other hand, the cross-linking
strength between active site and reactive facet could be characterized
by H2-TPR. Campbell et al. [37] proposed that the electronic metal-
support interaction related to ceria was formed by chemical bonds to
metal nanoparticles. Compared with Co/CeO2-NC and Co/CeO2-NR
catalysts, it was obvious from Fig. 5 that the reduction peak of Co3O4

species of Co/CeO2-3DOM catalyst shifted to high temperature. This
means that the electronic metal-support interaction of the Co/CeO2-
3DOM catalyst is the strongest. Podila et al. [23] indicated that the
observed high catalytic activity of 5CMLa-N2 catalyst for ammonia
decomposition was attributed to the increased cobalt support interac-
tion. Although Co/CeO2-NC catalyst has the best redox, it also de-
monstrates that its electronic metal-support interaction is weaker. The
stronger electronic metal-support interaction for Co/CeO2 catalysts is
beneficial to prevent the agglomeration of active sites in the process of
high temperature reaction. In addition, XPS showed that the content of
Co on the surface of Co/CeO2-NC catalyst was significantly lower than
that of Co/CeO2-3DOM catalyst. During the initial reaction rate range
of the kinetic interval, the rate of reaction is not affected by diffusion,
but only depends on the number and feature of active sites of the cat-
alyst. The Co/CeO2-3DOM catalyst gives relative higher TOFH2 values
at 350 °C than the corresponding Co/CeO2-NC catalyst. The reason of
relatively low activity of Co/CeO2-NC catalyst can be summarized as
weaker electronic metal-support interaction and lower surface Co
content. For CeO2-based catalysts, increasing the surface oxygen sto-
rage capacity by controlling different morphologies means exposing
more active surfaces [38]. The oxygen storage capacity is related to the
surface composition of the catalyst. As shown in the XPS profiles in
Fig. 4 and Table 2, the amount of surface oxygen vacancies of the Co/
CeO2-3DOM catalyst was relatively higher than that over the Co/CeO2-
NT and Co/CeO2-NC catalysts. The H2-TPR characterization results of
CeO2 support with different morphologies further verified this result.

The reaction mechanism of ammonia decomposition is explained in
following steps: Firstly, ammonia is adsorbed to the active sites and
then dissociated into adsorption of N and H atoms. In this process,

adsorbed NH3 is dehydrogenated to form NH2* and H. Then NH2*
moves to a bridge site and dissociates to NH* and H. Secondly, N and H
atoms recombine in the surface of active sites. Since N is present at the
interstitial site after the dehydrogenation steps of NH*, and the energy
barrier for associative desorption of N is critical. Therefore, nitrogen
desorption is the rate-determining step. Finally, the recombinative N
and H atoms desorb from the surface of active sites. The calculation of
density functional theory (DFT) shows that the N atom desorption of
ammonia at the Co active site is the slowest elementary step [39].
During ammonia decomposition, this leads to excessive accumulation of
N atoms on the surface of the active site, resulting in decreased activity.
Based on our previous understanding [40], the electron donating group
(such as K+) promotes the electron transfer between the active site and
the support, resulting in a significant increase in the activity. The si-
milar electron donation effects of Ce3+/Ce4+ (or oxygen anion va-
cancy) occur on the oxygen anion vacancy. After the reduction of Co/
CeO2 catalysts by hydrogen at 600 °C, Co3O4 was reduced to Co metal
and became the active site. In the process of ammonia decomposition,
desorption of N from the Co-based catalyst surface is the key step to end
the reaction. It is well known that the basicity of the support would lead
to electron donation to metal, and the acidity would withdraw electrons
to from metal. It has been reported in the literature [22,41] that basic
dopants are used as promoters for ammonia decomposition to improve
catalytic performance. Podila et al. [15] reported that the enhanced
catalytic activity of cobalt-based catalyst was attributed to the im-
proved basicity of catalysts. In fact, the surface oxygen vacancy can
enhance the surface electron density of active sites and facilitate elec-
trons from support to metal, inducing a decrease in the ionisation po-
tential of the metal, thereby promoting the rebinding of N atoms ad-
sorbed at the active site. CeO2 supports with different morphologies can
affect the number of surface oxygen vacancy, which is conducive to
electron transfer at active sites, leading to different activities. It is
summarized as the following formula (□ represents the oxygen anion
vacancy):

+ = □ ++ −
−

− + −
−

−Ce (O ) (e ) Co Ce (O ) ( ) Co(e )4 2
2 x 2x

4 2
2 x 2x 2x (5)

Therefore, the high catalytic ammonia decomposition activity of
Co/CeO2 catalyst can be directly attributed to the fraction of more
surface oxygen vacancies by changing the morphology of different
CeO2.

4. Conclusion

Co/CeO2 catalysts with three-dimensional order mesoporous, na-
notubes and nanocubes have been successfully prepared to elucidate
the morphology-performance relationship for ammonia decomposition.
Among all of them, the Co/CeO2-3DOM catalyst shows the best cata-
lytic performance than Co/CeO2-NC and Co/CeO2-NT catalysts. The
active site of the three catalysts is similar. The size-dependent effect of
Co/CeO2 catalyst with nanoparticle size of 5.2–7.8 nm is not the main
factor. Based on various characterization techniques, it can be con-
cluded that the surface composition/electronic structure of CeO2 with
different morphologies is the main influencing factor, demonstrating
the effect of morphological control is surface oxygen vacancies. High
specific surface area and more surface oxygen vacancies are favorable
for the construction of the more surface active sites on Co/CeO2-3DOM
catalyst. In addition, the Co/CeO2-3DOM catalyst has 72 h of catalytic
stability and reproducibility. The same strategy that morphological
control greatly promotes the catalytic performance by enriching the
surface-active sites can extend to other nano-catalysts for better un-
derstanding the structure-reactivity relationship.
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