Applied Catalysis B: Environmental 201 (2017) 451-460

journal homepage: www.elsevier.com/locate/apcatb

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental

Layered double hydroxides derived Nix(MgyAl,Op) catalysts:
Enhanced ammonia decomposition by hydrogen spillover effect

@ CrossMark

Qin Su?, Lingli Gu?, Yao Yao?, Jing Zhao?, Weijie Ji**, Weiping Ding?, Chak-Tong Au”

2 Key Laboratory of Mesoscopic Chemistry, MOE, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, China

b Department of Chemistry, Hong Kong Baptist University, Kowloon Tong, Hong Kong

ARTICLE INFO ABSTRACT

Article history:

Received 17 March 2016

Received in revised form 1 July 2016
Accepted 22 August 2016

Available online 24 August 2016

Keywords:

Layered double hydroxide
Ni-based catalyst
Ammonia

Decomposition

Hydrogen spillover

The NiMgAl-layered double hydroxides, with the stoichiometric ratios of Mg/Ni and Mg/Al being 0-9
and 0-3, respectively, were synthesized and employed as the Ni catalyst precursors for NH3 decompo-
sition. The resulting catalyst of the certain Ni, Mg, and Al contents showed high catalytic efficiency and
outstanding durability for the target reaction. The features of cost effective (with only Mg and Al ele-
ments besides Ni), easy fabrication, and thermally durable are attractive for large-scale operation. The
characterizations revealed the related changes in structure and property, such as the Ni particle size and
distribution, the reduction of Ni2* species, the Ni-oxide matrix interaction, the surface basicity as well as
the adsorption/desorption behavior of hydrogen, in line with the stoichiometry of Ni, Mg, and Al in the
samples. The superior catalytic activity and stability are thought to be associated with the structurally
isolated active Ni species by the oxide matrix and the synergism between Ni-Mg sites. Particularly, the
“spillover effect” of surface hydrogen accounts for a higher turnover frequency.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is considered an ideal energy carrier which is widely
used in various industrial processes. Technically, however, there
are difficulties in storage and transportation of hydrogen due to its
highly flammable, explosive, and low compressed characteristics,
which limited its specific applications. Therefore, on-site genera-
tion of hydrogen by NH3 decomposition has attracted extensive
attention for easy handling and relatively low cost [1-3]. Fur-
thermore, the ammonia decomposition process generates a solo
by-product of nitrogen which is chemically inert, thus can satisfy
the demand of proton-exchange membrane fuel cells (PEMFCs),
meanwhile avoid the poisoning effect of cell electrodes by COx
commonly existing in the hydrogen resources produced using car-
bonaceous raw material [1-5]. At present, the furnace for NH3
decomposition is already commercially available, and has been
used as a hydrogen protection atmosphere generator in some
industrial processes, in order to replace the high energy consumed
water electrolysis system. On account of the facts, the generation
of hydrogen via NH3 decomposition has been well accepted by
research community and industry.

* Corresponding author.
E-mail address: jiwj@nju.edu.cn (W. Ji).

http://dx.doi.org/10.1016/j.apcath.2016.08.051
0926-3373/© 2016 Elsevier B.V. All rights reserved.

The synthesis of NH3 is practically achieved so far through the
well-known heterogeneous catalytic reaction [6,7], the detailed
reaction mechanism is also helpful for studying the process of NH3
decomposition. However, the good catalysts for NH3 synthesis were
found to be unsatisfactory for NH3 decomposition owing to the
differences in their surface reaction kinetics [7]. And because of
this, many efforts have been devoted to developing the promising
catalysts for NH3 decomposition. Earlier studies on NH3 decom-
position mainly focused on the catalysts closely related to NH3
synthesis/abatement in a diluted NH3 atmosphere. In recent years,
more research works employed pure NHj in reaction. For various
materials tested in catalyzing pure NH3 decomposition, it was rec-
ognized that the Ru-based catalysts showed superior performance
among the noble metal ones, while the Ni-based catalysts were
found to be better than other basic metal ones [3,4,8-10]. Since
Ru is very costly especially when used in large scale, the Ni-based
catalysts seem attractive to be an alternative choice. The activity
of Ni catalyst can be enhanced by doping the rare earth elements
such as La and Ce [11-13]. There were other structurally differ-
ent Ni-based catalysts reported such as Ni/microfiber entrapped in
Al,03 [14], Ni/alumina-coated monoliths [15], in view of practical
application. Although the Ni-based catalyst can be operated in large
scale for NH3 decomposition, efforts made in reducing catalyst cost,
optimizing catalyst activity, and extending catalyst life never stop.
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Layered double hydroxides (LDHs), represented by hydrotal-
cites, are a kind of layered anionic materials. It generally consists of
replaceable positively charged mixed metal hydroxide layers and
negatively charged interlayer anions [ 16], showing flexible physical
and chemical properties. This kind of material has been employed
as catalysts or catalyst precursors [17-20]. It was reported that Ni
can be perfectly introduced into MgAI-LDHs to form NiMgAl-LDHs
and the resulting NiMgAl mixed oxide have been used in a number
of catalytic processes including reforming [21,22], hydrogenation
[23],and dehydrogenation [24]. The mixed oxide obtained via calci-
nation of the LDH precursor is characterized by the homogeneous
inter-dispersion of all constituents [25-27]. Accordingly, Mg, Al,
and Ni are highly distributed in the NiMgAl mixed oxide, showing
excellent resistance to sintering because of the structural isolation
by one another [28]. Besides, the presence of Mg can enhance the
basicity of the resulting material [29-31]. The promotion effect of
the basic site on a Ni-based catalyst for NH3 decomposition was
previously observed by Yin et al. [8]. Based on these unique fea-
tures, one can envisage that a Ni catalyst derived from the precursor
of NiMgAI-LDH is highly structure uniform, hence could be highly
active and stable for the target reaction of NH3 decomposition, and
moreover, cost effective for practical application.

The aim of this work is therefore to develop the Ni-based cata-
lysts by employing the NiMgAI-LDHs as the precursors in which the
contents of Ni, Mg, and Al were systematically tuned. The effects
of cation stoichiometry on phase structure, surface basicity, and
catalytic behavior of the derived catalysts for NH3 decomposition
were elucidated through a series of physicochemical characteriza-
tions as well as performance evaluation. The results reveal that the
generated Nix(Mgy,Al, Oy ) catalysts are easily made, highly efficient
yet stable, even comparable with a Ru catalyst supported on Al, 03,
a superb alternate among various Ni-based catalysts known for the
target reaction. In particular, a spillover effect of surface hydrogen
was found to be associated with the enhanced reaction on the basis
of turnover frequency (Scheme 1).

2. Experimental
2.1. Catalyst preparation

NiMgAI-LDH precursors with different Ni, Mg, and Al stoichiom-
etry were prepared according to the following procedures: certain

amounts of Ni(NO3),-6H,0, Mg(NOs3),-6H,0, and Al(NOs3)3-9H,0
were dissolved in deionized water to make solution A (50ml).
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Separately, aqueous solution B (50 ml) was prepared, with the
concentration of KOH and K,CO3 being 3 mol/l and 0.75 mol/l,
respectively. Then solutions A and B was simultaneously added into
areaction vessel drop wise; and mixed with 10 ml deionized water
upon stirring. The resulting mixture was continuously stirred at
323K for 1h, followed by a hydrothermal treatment at 373K for
24 h. Finally, the precipitate was washed with deionized water and
dried at 373 K overnight. After being calcined at 773K for 6 h, the
corresponding samples are labeled as NixMgyAl,O, in which x, y,
and z stand for the molar concentration of Ni, Mg, and Al in solution
A, respectively. That is to say, the Ni, Mg, and Al contents denoted
in the sample series are the nominal values. In Table 1, the nominal
and actual contents of Ni, Mg, and Al elements, the actual Ni content
in weight percentage, as well as the actual Ni/Mg and Mg/Al molar
ratios are presented. Based on the ICP measurement, the content
of residual K in our samples looks rather limited (Table S1), and at
this level of K content, the resulting effect on the Ni activity is minor
(the promotion effect of K on Ru is more significant though) [3,8].
Moreover, the catalysts with the highest/lowest TOF values do not
correspond to the highest or lowest K content in this study, which
further suggests there is no direct correlation between the activity
and the presence of residual K.

The catalysts were further in situ reduced by a 25% Hy/Ar flow
at 973K for 2 h, and then purged with pure Ar for activity evalua-
tion. The reduced samples are denoted as Nix(MgyAl,Oy). Note that
the values of n and m could vary with the relative contents of Ni,
Mg, and Al in the samples, but they are not specified in different
cases. Ru/Al,03 and K-Ru/Al, 03 (Ru loading = 5 wt.% with the Ru/K
molar ratio=2) were prepared by a modified method referred to
the literature [8] using ethanol as solvent.

2.2. Catalyst characterization

The content of Ni, Mg, and Al was measured by ICP-AES on a
J-A1100 Versa Probe spectrometer. X-ray diffraction (XRD) mea-
surement was performed on a diffractometer (Rigaku Ultima IV)
with Ni-filtered Cu Ka radiation (A =0.15405nm). Transmission
electron microscopy (TEM) images were taken on an electron
microscope (JEOL-1011) operated at 100 kV.

Temperature programmed reduction (TPR) was carried out in a
quartz reactor connected to a thermal conductivity detector (TCD)
under an atmosphere of 10% H,/Ar. 25 mg of sample was used for
each measurement. Before switched to the H;, /Ar stream, the sam-
ple was pretreated in a He stream at 773K for 30 min. The TPR
procedure started from 373 to 1123 Kat arate of 10 K/min, and hold
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Scheme 1. The illustration of hydrogen spillover effect on the Nix(MgyAl,O,) catalysts.
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Table 1
The nominal and actual content of Ni, Mg, and Al constituents in various catalysts.

Samples with nominal Ni/Mg/Al molar ratio

Ni/Mg/Al molar ratio determined by ICP

Ni wt.% determined by ICP Actual Ni/Mg (Mg/Al) molar ratio

Nio.12Mg1.08Alo30n 0.12/1.09/0.3 10.2 0.11(3.63)
Nig3Mgo.9Alo30n 0.3/0.89/0.3 249 0.34(2.97)
Nip6Mgo,Alo30n 0.61/0.6/0.3 418 1.02 (2.00)
Nig9Mgo3Alo30n 0.84/0.28/0.3 60.0 3.0(0.93)
Ni1.08Mgo.12Al030n 1.14/0.12/0.3 66.9 9.5 (0.40)
Nij 2Alg30, 1.26/-/0.3 714 Mg=0
NipAlo.90n 0.6/-/0.83 405 Mg=0
Nio6Mgo3Alo60n 0.6/0.29/0.57 40.1 2.07 (0.51)
Nio6Mgo.45Al0.450n 0.6/0.43/0.44 4238 1.40 (0.98)
Nig6Mgos3Alo230n 0.6/0.64/0.23 44.8 0.94 (2.78)

at 1123 K for 30 min. The water generated during the reduction was (a)

removed by a trap filled with 4A molecular sieve. 1004

The active surface area of metallic Ni was determined by pulse

H,-chemisorption. Before measurement, the sample (100 mg) was 3 804

reduced at 973K for 2 h under a flow of 25% H,/Ar, then cooled <

down to 673K under a dehydrated and deoxygenated Ar flow 5 60

(flow rate =40 ml/min) and maintained at this temperature for 3 h. 4

Pulse H,-chemisorption were performed at 323 K by sequentially g 40 =N, (A1,0)

injecting a definite amount of pure H, until saturation, the H, con- S " :zil Hximiimgni

sumption was measured with a TCD. % +Niz:(Mngj\l:’0";

Hydrogen temperature programmed desorption (H,-TPD) was
performed followed by the saturation of H, pulse chemisorption
at 323 K. The H, adsorption saturated at 373 K was also performed
for comparison. The sample was purged with a dehydrated and
deoxygenated Ar flow at 323K for 30 min, then the temperature
was raised to 873 K at a rate of 10 K/min.

Carbon dioxide temperature programmed desorption (CO,-
TPD) was carried out in a conventional setup. The sample pretreat-
ment was identical to that adopted for Hy-pulse chemisorption.
After adsorption of CO, at 373 K for 30 min, the sample was purged
in a dehydrated and deoxygenated Ar flow for 1 h, and then heated
to 873K at a rate of 10K/min in an Ar flow. The effluent gas was
analyzed with a TCD.

2.3. Catalytic activity

Activity evaluation of samples was carried out in a fixed-bed
quartz tube reactor (catalyst amount =100 mg, 60-80 mesh) under
pure NH3 (atmospheric pressure; flow rate = 50 ml/min; GHSV = 30,
000mlh~1gc~1). Prior to reaction, the catalysts were reduced
in situ by a 25% Hy/Ar flow at 973 K for 2 h, then purged with pure
Ar. The reaction temperature was in the 723-973 K range. Products
were analyzed by an on-line gas chromatograph (GC-112A, Shang-
hai INESA Analytical Instrument Co., Ltd.) equipped with a TCD and
a Poropak Q column. NH3 conversion in a blank reactor was less
than 1.0% at 823 K.

3. Results and discussion
3.1. Catalytic activity

The catalytic performance of Nix(MgyAl; O, ) was systematically
tuned by two approaches: maintaining the total amount of Ni, Mg,
and Al meanwhile changing the molar ratio of Ni/Mg as well as that
of Mg/Al in Niy(MgyAl,On).

Fig. 1a shows the NH3 conversions achieved at different temper-
atures over Niy(MgyAlp30y) in which various Ni/Mg molar ratios
were applied. NH3 conversion increases with increasing reaction
temperature, coincident with the endothermic reaction feature
of NH3 decomposition. In the 723-973 K range, the NH3 conver-
sion increases significantly as the Ni/Mg molar ratio is raised from
0.11 to 0.33, but varies only slightly at a higher Ni/Mg molar
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Fig. 1. NH3 conversion as a function of reaction temperature over (a)
Nix(MgyAlp30,) with varied Ni/Mg molar ratio, and (b) Nig(MgyAl, O, ) with varied
Mg/Al molar ratio. GHSVyy3 =30, 000 mlh~! ge,; 1, Ru loading =5 wt.%.

ratio up to 3. Further increase in Ni/Mg ratio to 9 results in low
NH3 conversions. A complete replacement of Mg by Ni causes a
lower conversion of NHs. Full conversion can be obtained for all
catalysts at about 950K (Fig. 1). Moreover, when temperature is
below 873 K, NH3 conversion on Nij 26(Alg30y) is higher than that
obtained on Nig 12(Mg09Alp30p). At 893 K, the NH3 conversions
over Nigg(MgxAlyOp) (x/y=1-3) attain the thermodynamic equi-
librium value (99.92%) and are notably higher than that derived
over Nij6(Alp30n). The observations suggest that increase in Ni
content alone cannot achieve even higher activity, certain amount
of Mg in Nix(MgyAl;Oy) is essential to enhance catalyst perfor-
mance.

The effect of Mg/Al molar ratio on the catalytic activity of
Nig 6(MgyAl,On) in NH3 decomposition was illustrated in Fig. 1b.
Ru/Al;03 and Ru-K/Al,03 were also tested for comparison. In the
723-873 Krange, the NH3 conversion over Nip g(MgyAl; O, ) showed
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Table 2

A comparison of ammonia decomposition activity over a number of catalyst systems at 873 K.
Catalyst GHSV (mlh=1 geoe 1) Conv. (%) H, formation rate (mmol min=" g, ') Ref.
K-Ni/MCM-41(TIE) 30,000 73.2 245 [32]
Nano-Ni+0.1La@SiO, 30,000 96.2 322 [33]
Niy20Ceq.10Al 30,000 99.0+1.0 33.2+03 [34]
Ni/La, 05 (citric acid complex method) 6000 95.0+1.0 6.4+0.1 [35]
15%-Ni/MRM-600 30,000 55.0+1.0 18.440.3 [36]
Ni26(Alp30n) 30,000 80.1 26.82 This study
Nio,e(MgolngloAW On) 30,000 99.3 333 This study

Among the Ru-based catalysts, Ru-K/CNTs [8] was found to be the most active one so far.

the following order: Nigg(Mgo.29Alo.570n) > Nig.6(Mg0.43Al0.440n)
=Nig 51(Mgo.6Alo.30n) = Nig 6(Mgo.64Al0.230n) > Nig.6(Alo.830n),
alone with the molar ratio of Mg/Al varying from 0 to 3. At 893K,
the NH3 conversion over Nigg(MgyAl,Op) reached the thermo-
dynamic equilibrium value at the Mg/Al ratio being 0.5-2; while
at 903 K, the NH3 conversion over Nigg(Mggg4Alg230n) reached
the thermodynamic equilibrium value. Nig g(Algg30n) without Mg
constituent showed the lowest NH3 conversion among the serial
samples, and the thermodynamic equilibrium state was accom-
plished at 923 K. Both Ru/Al,03 and Ru-K/Al,03 showed higher
activity than Niy(MgyAl;Oy) in the 723-823 K range. At 723K, the
NH3 conversion over Ru-K/Al;03 is 41.65%, notably higher than
that (17.38%) obtained on Nig g(Mgg.29Alg570n). Interestingly, the
superiority of the Al,03 supported Ru catalysts became dimin-
ishing with increasing reaction temperature: As temperature was
beyond 823K, the NH3 conversion over Ru/Al,03 was lower than
that on Nigg(Mgg29Alp570n). At 853 K, even over the potassium-
doped Ru/Al,03, the NH3 conversion (92.5%) became lower than
that (96.3%) obtained on Nigg(Mgg29Alg570n). The observations
suggest that at moderate temperatures the current Niy(MgyAl,On)
catalysts with a certain Ni, Mg, and Al stoichiometry exhibit better
activity in NH3 decomposition even compared with the Ru/Al;03
and Ru-K/Al,O3 catalysts. It is worth noting that the Ru-K/CNTs
catalyst is still more active than Ru/Al,O03 and Ru-K/Al,O3 for
NH3 decomposition [8]. A comparison of ammonia decomposition
over a number of the Ni-based systems at 873K is summarized
in Table 2. Clearly, Nigg(Mgg29Alg570n) showed the very best
performance among the typical examples reported in recent years
[32-36]. Moreover, the presence of certain Mg sites enhanced cata-
lyst performance [Table 1, Nig g(Mgg.29Alg.570n) vs. Nij 26(Alg30n)].
The current NiMgAI-LDH derived Nix(MgyAl,O,) catalysts com-
prise abundant Mg and Al constituents, and are even free of rare
earth elements. This is significantly cost effective when consid-
ering commercial practice. Moreover, our Nigg;(MgpeAlp30n)
catalyst showed excellent stability in the target reaction: it was
very durable for a time on stream of nearly 150h, operated
alternatively at 823 K and 893K (Fig. 2), which is comparable to
the core-shell structured Ni catalyst previously fabricated by us
for the same reaction [33]. Such a feature of the Niy(MgyAl,On)
catalyst is important for a potential application in a large scale.
For the carbon-containing catalyst, it is challenging to maintain
long term durability due to the inevitable side reaction such as the
methanation of carbon material in a hydrogen rich atmosphere
such as the one of ammonia decomposition.

3.2. Characterizations

3.2.1. XRD

The XRD patterns of the uncalcined LDH precursors are shown
in Fig. 3a. All of the samples show the diffraction peaks at 20=11°,
22°,34°,39°,60°, and 62°, corresponding to the (003), (006), (009),
(015), (110), and (113) reflections of a typical LDH structure. Only
a single crystal phase can be identified, suggesting an isomor-
phic replacement of Mg?* by Ni%* in the hydroxide layers. This
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Fig. 3. XRD patterns of (a) NixMgyAl,-LDH, and (b) NixMgyAl,Op.
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ensures a homogeneous inter-dispersion of all constituents in the
calcined forms. Brindleyet al. reported that the Ni, Al-containing
LDH can be synthesized with the AI3*/(Ni2* +AI**) ratio being in
the 0.2-0.33 range [37]. In this study, a LDH precursor with the
ratio of AI3*/(Ni%* + AI3*)=0.6 was synthesized. There is excessive
AI* in this sample, and therefore the XRD pattern shows addi-
tional peaks at 20=18° and 20°, attributable to the (001) and
(020) reflections of the free Al(OH); species. The lattice parame-
ters ¢ and a of the LDH structure, related to the average interlayer
and cation-cation distances, can be calculated by employing the
equations c=3dgg3 and a=2d;19, respectively. The value of param-
eter a is related to the ionic radii of the layer cations, while the
value of parameter c is determined by the nature and orienta-
tion of the interlayer anions. With gradual substitution of Mg2*
(0.072 nm) by Ni?* (0.069 nm), the parameter c nearly unchanged
while the parameter a decreased accompanying with the shorter
cation-cation distance. On the other hand, upon gradual replacing
AI3* (0.0535 nm) with MgZ* (0.072 nm), both parameters a and c
increased because of the extended cation-cation distance as well
as the two looser hydroxide layers.

Fig. 3b illustrates the XRD patterns of the calcined samples,
NixMgyAl,Om. The characteristic reflections indexed to the LDH
structure completely disappeared. In terms of the reflection peaks
as well as the constitution of samples, there might exist MgO, NiO,
and/or Ni-Mg-(Al)-O solid solution in the calcined samples. Actu-
ally the exact identification of phase structure (MgO, NiO, and/or
Ni-Mg-(Al)-0) is rather difficult. Moreover, there is considerable
structural rearrangement of the mixed oxide upon the following
high temperature H,-reduction. Therefore, we did not calculate the
average crystallite size of the oxide precursor form the XRD pat-
terns. Instead, we made statistical analysis of metallic Ni particles
(they are active component for the reaction), and plotted the aver-
age NiC particle size with the Ni/Mg or Mg/Al ratio (Fig. S1, S2, see
the Discussion in the TEM section).

3.2.2. H,-TPR

H,-TPR was carried out to investigate the interaction between
the NiO component and the matrix. Fig. 4 shows the H,-TPR pro-
files of NixMgyAl,Om. All the samples show only one reduction
peak, indicating structurally homogeneous Ni2* species inherited
from the LDH structure. The gradual substitution of NiZ* by Mg2* in
NixMgyAl,Om causes the reduction peak obviously shifting to the
higher temperature end (from 802 to 1103 K), along with increas-
ing interaction between Mg and Ni cations. As a matter of fact, the
gradually increased reduction temperature could be attributed to
the formation of Ni-Mg-(Al)-O solid solution. On the other hand,
the variation in Mg/Al molar ratio gives rise to insignificant change
in the reduction temperature. With increasing Mg/Al ratio from
0.5 to 3, the reduction peak gradually shifts from 960 to 900 K.
NiggAlpg30m shows slightly lower reduction temperature than
Nig.sMgg.64Alg230m, which could be explained by the existence of
free Al(OH)3 species that destroys the structural integrity of the
LDH precursor to some extent. The observation suggests that the
interaction between Ni and Al cations is likely stronger than that
between Ni and Mg cations. Takehira and co-workers [38] reported
a spc-Ni/MgAl catalyst showing the reduction peak temperature
beyond 1100K, ascribed to the formation of NiAl,O4 spinel on the
catalyst surface. It is difficult to distinguish the NiAl, 04 spinel phase
in the XRD patterns of this study, however, since the reduction tem-
perature of Ni2* generally exceeds 900K, it is reasonable to assume
that some spinel-like NiAl,O, with low crystallinity may exist in
NixMgyAl,Om.

The reduction temperature of Ni2* is mainly influenced by the
Ni content of NixMgyAl,Om, and also related to the kind of lat-
tice oxygen species in the samples. The formation of Ni-Mg-(Al)-O
solid solution can increase the reduction temperature of the cor-
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Fig. 4. H,-TPR profiles of (a) NixMgyAlo30m, and (b) NiggMgyAl,Op,.

responding Ni2* species. It is deduced that the Ni-Mg-(Al)-O solid
solution, though likely non-stoichiometric, could exist in the pre-
cursor. The Ni-OH and Mg/AI-OH could condense together in the
edges to form the Ni-O-Mg/Al during the calcination step. The NiZ*
cations with the saturated lattice oxygen have the lowest Ni—O
binding energy and therefore can be the most easily reducible. With
gradual replacement of Ni by Mg/Al, the lattice oxygen becomes
more structurally stable and more difficultly removable.

323. TEM

TEM technique was used to check the overall morphology of the
reduced Nix(MgyAl,Oy) samples, particularly the state of metallic
Ni particles. As shown in Fig. 5, the Ni nanoparticles are essen-
tially uniformly distributed throughout the matrix. With increasing
Ni/Mg molar ratio in Nix(MgyAl;Oy), the density and the parti-
cle size of Ni grains increase accordingly (Fig. 5a-f). When the
Ni/Mg molar ratio exceeds 3, aggregation of Ni particles appears
noticeable (Fig. 5d-f). The correlation between the average Ni par-
ticle size and the Ni/Mg molar ratio has been clearly indicated
in Fig. S1 (Supplementary material). On the other hand, increase
in Mg/Al molar ratio from 0.5 to 3 results in a small increment
in Ni particle size (Fig. 5¢, h-j, and Fig. S2). Note that, different
from Niq6(Alp30n), Nige(Algg30n) shows the Ni particles simi-
lar to those in Nig (Mg g4Alp230n). This suggests that the ratio of
Ni/(Mg +Al) mainly determine the Ni particle size as well as the
particle distribution. The H,-TPR results revealed that the sam-
ples which were reduced at higher temperatures would generate
smaller Ni0 particles. The enhanced metal-oxide matrix interaction
effectively hinders the migration and aggregation of Ni nanoparti-
cles upon reduction. The catalyst eventually used for the reaction
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Fig. 5. TEM images of (a) Nio.12(Mg1.00Alo30n), (b) Nio3(Mgos9Alo30n), () Nigs1(MgosAlo30n), (d) Nio.sa(Mgo28Alo30n), (€) Ni1.14(Mgo.12Alo30n), (f) Ni126(Alo30n), (8)
Nio,6(Alo.830n), () Nig.6(Mgo.20Alo570n), (i) Nigs(Mgo.43Al0.440n ), (j) Nio.s(Mgo.64Al0.230n), and (k) Nig1(MgosAlo30,) after reaction of 144 h.

experienced the treatments of calcination and reduction, involv-
ing the removal of H,0, CO32~, —OH, and 02~ species from the
LDH structured precursor, and accompanying considerable texture
variation in the samples [39-41]. The metal nanoparticles that are
well isolated and immobilized in the porous matrix can be more
thermally stable yet easily accessible to the reactant. Fig. 5k shows
the TEM image of Nigg1(MgggAlp30n) after a reaction of 144 h. It
is clearly evident that the Ni particle size is almost identical to
that of the freshly reduced sample (Fig. 5¢). The excellent struc-
ture stability is in accordance with its unique structural feature
aforementioned.

3.2.4. Turnover frequency (TOF)

The activity comparison based on the unit mass of catalyst is
insufficient because the exposed Ni surface area is different among
serial samples. And because of this, the activity comparison was also

made based on the exposed area of metal Ni (or the Ni dispersion)
which was determined by pulse H,-chemisorption. In the latter
case, the activity was normalized to each surface Ni atom in various
samples (i.e. on the basis of TOF values), so that the effect of vari-
ation in surface area of Ni on activity has been eliminated. Hereby,
the TOF value of each catalyst was calculated to compare the cat-
alytic activity: Normalizing the observed reaction rate (mole H,
formed per gram of catalyst per second) to the number of exposed
Ni surface atoms per gram of catalyst (derived from the H, pulse
chemisorption experiments assuming adsorption of one H atom
over per surface Ni atom).

Itis worth noting that the conditions for the pulse H,-adsorption
and the exposed Ni surface measurements of this study have been
widely applied in the previous reports [42-46]. In order to min-
imize the spillover effect on the determination of Ni surface, the
pulse adsorption temperature and pressure were set to be 323 K
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Fig. 6. Comparison of TOF values of H, formation over (a) Nix(MgyAlo30,) and (b)
Nig6(MgyAl,O,) at different temperatures.

and atmospheric, as mostly did in literature reports. Therefore, it
is believed that the spillover of hydrogen is insignificant under the
conditions of pulse Hy-adsorption. Even if the spillover of hydrogen
cannot be completely excluded, the activity order over the sam-
ple series is still retained, because the exposed Ni surface will be
overestimated and thus the TOF value underestimated when the
spillover of hydrogen exists, especially for the smaller Ni parti-
cles. That is to say, the catalyst activity with a higher TOF value
in this study could be somewhat underestimated if the spillover
effect exists at the pulse H, adsorption conditions. Nevertheless,
the activity order of the sample series based on the TOF values
keeps unchanged regardless of possible spillover of hydrogen if
any. On the other hand, Fangetal. [47] and Salam et al. [48] recently
reported that hydrogen could present in the bulk phase of the mixed
oxide derived from hydrotalcites. Hydrogen diffusion into oxide
bulk phase should be kinetically unfavorable at the mild conditions
used for pulse Hy-adsorption, while it could become noticeable only
at high reaction temperatures.

As shown in Fig. 6, the TOF values calculated for all of catalysts
first increase and then level off with increasing reaction temper-
ature, showing similar trends to the NH3; conversions. There is a
clearer trend indicated between the TOF value and the Mg/Ni ratio
(Fig. S3). As the Mg/Ni ratio changes from O to 1, the TOF value
increases by a factor <1 within the temperature range studied. As
the Mg/Ni ratio varies from 1 to 3, the TOF value increases dra-
matically by a factor of 3 at 853 K. Nig 12(Mg1.09Alg30n)(Mg/Ni=9)
provides the highest TOF value: nearly three times greater than
that achieved over Nig3(Mggg9Alg30n). The highest NH3 conver-
sion rate over Nigg1(MgggAlg30y) is attributable to the abundant
yet efficient sites on the catalyst surface. It appears that a cata-
lyst with a relatively lower Ni content shows a higher reaction
rate on the basis of turnover frequency (Table 3). The exposed sur-

Table 3
The exposed Ni atoms and the TOF values of H, formation over various samples.

Sample Exposed Ni atoms (mmol gcae~')  TOFy (s, 823K)
Nig.12(Mg1.09Al030n) 40.0 8.1
Nig3(Mgo.89Alo30n) 183.9 21
Nig61(Mgo.sAlo.30n) 549.4 0.7
Nipsa(Mgo2sAlo30n)  712.9 0.6
Ni.14(Mgo.12Alo30,)  751.1 04
Nij26(Alo30n) 693.2 0.4
Nio(Alo.s30n) 422.4 0.8
Nig6(Mgo.20Alo570n)  597.6 0.7
Nigs(Mgo.43Alp440n)  551.6 0.7
Nip6(Mgos4aAlo230n)  470.5 0.8

Table 4
CO, uptake over various samples.

Sample Amount of CO, desorbed (mmol gcae ')
Nig 12(Mg1.00Alo30n) 3.54
Nig3(Mgo.89Alo.30n) 3.42
Nio61(Mgo.6Alo30n) 3.27
Nig g4(Mgo28Alo30n) 2.99
Niy.14(Mgo.12Alo30n) 2.55
Ni126(Alo30n) 1.79
Nig6(Alos30n) 3.66
Nig,6(Mgo29Alo.570n) 2.66
Nio,6(Mgo.43Al0.440n) 4.07
Nio,6(Mgo.64Alo.230n) 3.34

face Ni atoms decrease smoothly with reducing Ni content. Note
that Nig12(Mgq.09Alp30n) has the lowest Ni content meanwhile
its Ni surface exposure becomes extraordinarily low, suggesting
a close contact between the Ni nanoparticles and the oxide matrix.
It is understandable, because Nig 12(Mg1.09Alg30y) has the small-
est Ni particle size (Fig. 5a and Fig. S1), and the closely contacted
neighboring Mg sites around the very fine Ni particles may have
a stronger synergetic effect on the Ni sites for the catalytic pro-
cess. The promotion effect of alkali/alkaline earth metal elements
on NH3 decomposition has been recognized in the previous inves-
tigations [3,4,8]. Yin et al. [3,4] and Aika et al. [49] pointed out that
the surface basicity of catalyst favored both NH3; decomposition and
synthesis reactions. The presence of alkali or alkaline earth metal
element would enhance the electron density of active metal such as
Ru, which in turn facilitated desorption of surface nitrogen atoms.
The current study further illustrated that an interaction between
the active metal of Ni and the Mg-containing species could favor
adsorption/activation of NH3, resulting in activity enhancement. It
appears that the appropriate synergic effect between Ni and basic
sites involves the electron-donating of Mg sites to Ni, the control
of Mg site density and Ni particle size, as well as their effective
junction, yielding an optimal promotion on activity in line with the
change of Ni/Mg ratio in sample series.

Fig. 6b shows the comparison in the TOF values of H, forma-
tion over Nigg(MgyAl,Op) at different temperatures. The effect
of the Mg/Al ratio on the corresponding TOF values was found
to be less significant than that of the Mg/Ni ratio (Fig. S4). The
TOF value slightly increases with increasing Mg/Al ratio from
0.5 to 3 under the same reaction conditions. Below 853K, the
TOF value of Nigg(Algg30n) is somewhat lower than that of
Nig.6(Mgp.e4Alp230n); while beyond 853K, the reverse situation
can be observed. The phenomenon is somehow unexpected, and
to better understand this observation, further characterizations
including CO,-TPD and H,-TPD have been carried out and the
results are presented below (Table 4).

3.2.5. CO,-TPD
There are a number of researches showing the promotion effect
of the basic sites on NH; decomposition over the Ru and Ni metal
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catalysts [8,35,50-52]. Therefore, the surface basicity of catalyst is
crucial to influence the corresponding catalytic behavior. Herein,
CO, was employed as a probe molecule to compare the surface
basicity of Nix(MgyAl;O) and the results are shown in Fig. 7. It is
observed that the density of basic sites (relevant to the desorption
peakarea)is highly dependent on the Ni/(Mg + Al) ratio. The quanti-
tative analysis of the CO,-TPD profiles has been performed and the
results are summarized in Table 4. For Nix(MgyAlp 30n ) with various
Mg/Ni molar ratios, the density of basic sites increases rapidly with
increasing Mg/Al ratio up to 1.0, then changes slowly with further
increasing Mg/Ni ratio (Fig. 7a). However, for Nig 6(MgyAl,On) with
different Mg/Al molar ratios, the density of basic sites varies rather
irregularly with increasing Mg/Al ratio (Fig. 7b). The observed dif-
ference is thought to be associated with the related structural
change. The Ni%* and Mg?*cations are the same in valence state
but different in ionic radius. As the content of Mg2* changes with
respect to that of Ni2*, the resulting cation-cation distance in the
mixed metal hydroxide layers is primarily affected. When the con-
tent of Mg2* varies with respect to that of AI3*, both the electron
charge and the cation-cation distance of layers will be affected.
The amount and orientation of interlayer anions should adjust
accordingly to balance the charge of the layers, resulting in the
reformation of whole structure.

We plotted the TOF value with the Mg/Ni ratio at typical reaction
temperatures, and found that the former changes monotonously
with the latter (Fig. S3). However, the TOF value changes quite dif-
ferently with the Mg/Al ratio (Fig. S4). As mentioned before, the
density of basic sites also varies rather irregularly with the Mg/Al
ratio (Fig. 7b). Therefore, it seems to be difficult to establish a corre-
lation between the TOF value and the density of surface basic sites
by changing the Mg/Al ratio. The results suggest that surface basic-
ity of catalyst may be one of the factors accounting for the observed
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Fig. 8. H,-TPD profiles obtained on (a) Nix(MgyAlg30,) and (b) Nipg(MgyAl,Op).

catalyst performance; and there could be other important factor
behind responsible for the different catalytic behavior.

3.2.6. H,-TPD

The decomposition of NH3z generates N, and Hy. It is known that
the chemisorption of N, on Ni is weak, whereas the chemisorption
of Hy on Ni can be rather strong. This implies that desorption of
H, from Ni surface could play an important role in the catalytic
process. In order to figure out the impact of this aspect, the H,-TPD
experiments were conducted over the serial samples. As shown in
Fig. 8, there are two situations observed for the H,-TPD profiles.
The peak essentially shifts to the higher temperature end (from
430K to 579K) over the sample series with increasing Mg/Ni ratio
(Fig. 8a). By varying the Mg/Ni molar ratio from O to 1, there is
one large desorption peak centered around 450 K with noticeable
tailing in each TPD profile, suggesting the presence of some high-
temperature desorbed species. With further increasing Mg/Ni ratio
to 3, there are two peaks in the TPD profile, the small one at about
450K and the large one at 541 K. Only one broad peakat 579 Kcanbe
observed as the Mg/Ni ratio reaches 9. On the other hand, peak shift
becomes irregular and insignificant over the sample series with
increasing Mg/Al ratio (Fig. 8b).

Making a comparison in the results of thermal desorption inves-
tigations, one can observe that the sequence of desorption peak
temperature just follows the order of TOF value. The higher the
temperature of H,-desorption peak is, the higher the correspond-
ing TOF value will be. Similar phenomenon has been previously
observed by Yin and co-workers on the Ru-based catalysts [53].
There could be certain inherent correlation between the behav-
ior of surface H species and the related TOF values. It is worth
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noting that Nig 12(Mg09Alg30n) showing the highest TOF value
only has one desorption peak at 579 K, which is obviously different
from the situations observed on the other samples. The adsorp-
tion/desorption behavior of surface hydrogen species would have
a curial effect on the availability of surface active site. The shift of
desorption peak to the high-temperature end was attributed to the
spillover effect of surface hydrogen species suggested by different
researchers [54-57]. According to the H,-TPD study, it is reasonable
to infer that there is a spillover phenomenon for surface hydrogen
species involving in the surface reaction of NH; decomposition on
the current catalysts. And the extent of spillover effect seems to be
directly associated with the Mg/Ni ratios (i.e., the Ni local structure
environment and the Ni-Mg interaction). To sustain this specula-
tion, additional H,-TPD experiments were conducted in which the
pre-adsorption of H, was operated at a higher temperature of 373 K.
The TPD profiles obtained from two cases were then compared
each other. Over Nig12(Mgq.09Alp30n), one can clearly find that
desorption of surface hydrogen is enhanced by high-temperature
pre-adsorption. Such an observation also verified the occurrence of
hydrogen spillover effect [57-60]. When the hydrogen adsorption
was operated at 373 K, additional desorption peak appeared at the
lower temperature end over Nig 12(Mg 09Alp30n), attributable to
the enhanced hydrogen spillover effect resulted from the higher
temperature pre-adsorption of hydrogen. The strong spillover
effect favors the migration of surface H species and leaves the unoc-
cupied Ni sites for adsorption of more hydrogen molecules. The
overall amount of adsorbed/desorbed hydrogen is thus increased,
accounting for the appearance of the low-temperature desorption
peak. As the hydrogen adsorption was operated at a low temper-
ature (323 K), the low-temperature desorption peak was absent. It
does not mean there is a variation in the total number of surface
Ni sites. In fact, because of the spillover effect, the adsorbed hydro-
gen could easily migrate along the surface during the temperature
programmed course, and would desorb at higher temperatures.
Moreover, the desorption profiles corresponding to the hydrogen
adsorption at 373K over NiO.Gl(MgO.GAIO.?:OH) and Ni1.26(A10.30n)
also showed peak shift toward low temperature end as well as
peak area increment, suggesting an enhanced adsorption of hydro-
gen. According to the examples shown in Fig. 9, the spillover effect
is exactly strengthened by the Mg constituent of certain amount in
the samples. Over Nig g1(Mgg.gAlg30n), the spillover effect becomes
less significant, whereas over Niq 56(Alp30n) without any Mg, the
spillover effect is the least obvious. This is understandable, because
there are the finest Ni grains and the strongest Ni-oxide matrix con-
tact and interaction in Nig12(Mgq.09Alg30y), leading to the most
significant spillover effect (Fig. 9).

As the hydrogen spillover effect is enhanced, more surface
hydrogen species migrates from the metal surface to the metal-
oxide boundary and further to the oxide matrix surface. They are
likewise stabilized and desorb at higher temperatures, accounting
for the observations made. Bear in mind that the activation energy
for the diffusion of surface hydrogen is notably lower than that for
the direct desorption, therefore, a catalyst that has a strong poten-
tial for the spillover effect of surface hydrogen can more quickly
recover the active sites for the following reactant molecules, under-
going a more efficient surface reaction as a result. If there is a
weak hydrogen spillover effect on the catalyst surface, the H species
from the dissociation of the N—H bond in NH3 could stick on the
active Ni sites, blocking the follow-up NH3 molecules for adsorp-
tion/activation.

The H,-TPR results indicate that the reduction temperature
shifts toward higher temperature end with decreasing Ni content
in the sample series. A concern about the reducibility of Ni2* in low
content could be raised, which might have an effect on hydrogen
spillover. Note that, however, the conditions employed for con-
tinuous reduction of mixed oxide (at a constant temperature of
973K in a 25% Hy/Ar flow of 100 ml/min for 2 h) is actually severer
than that employed for H, temperature programmed reduction
(from 373K to 1123 K at a ramp of 10 K/min in a 10% H;/Ar flow of
40 ml/min). In other words, even the sample of the lowest Ni con-
tent, Nig 12Mg1.09Alg.30m, can be sufficiently reduced in the applied
H, pre-reduction. To verify this, Nig 12Mg g9Alg.30m was first sub-
jected to a continuous reduction at 973K in a 25% H,/Ar flow of
100 ml/min for 2 h and then followed by a typical H,-TPR proce-
dure of the current study. The H,-TPR profile reveals that the Ni
cations, even in the lowest content, are essentially reduced by the
employed H, pre-reduction.

4. Concluding remarks

The NiMgAI-LDH structures with different stoichiometric ratio
of Ni/Mg and Mg/Al were synthesized and used as the catalyst pre-
cursors for NHz decomposition. The results verified high catalytic
efficiency as well as excellent durability of the derived Ni-based
catalysts. This kind of Ni catalyst is attractive for large-scale oper-
ation owing to the features of cost effective, easy fabrication, and
good stability. The characterizations detailed the information about
the Ni particles size and distribution, the Ni-oxide matrix interac-
tion, the surface basicity, and the adsorption/desorption behavior
of hydrogen changing with the stoichiometry of Ni, Mg, and Al in the
samples. The superior catalyst performance is interpreted in terms
of the unique structure of Ni species and the Mg-Ni synergism. Par-
ticularly, the spillover effect of surface hydrogen was recognized to
accelerate the reaction cycles over the active Ni sites. The homo-
geneous inter-dispersion of metal-oxide constituents ensures good
isolation of Ni particles and outstanding catalyst stability as a result.
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