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Abstract

Ni-based layered double hydroxides (LDHs) are well-known as catalysts precursors; in fact, their properties allow for a
homogeneous distribution of Ni on a matrix through simple and economic synthetic passages. In this work, NiAl-citrate
LDH was synthetized through a recently developed synthetic pathway that led to the formation of almost single-layered
hexagonal nanocrystals. These ones seem to be promising for the production of a Ni (0)-based material with a very high
surface area, since through pyrolysis, the interlayered citrate could be turned into CO that simultaneously reduces the Ni
(II) to Ni (0) and blow-up the original crystals. In this transformation, temperature plays a key role; therefore, the processes
occurring during heating were investigated to discriminate which of them contribute to the material reduction. Additionally,
the appropriate pyrolysis temperature was determined to achieve the desired compound that was a homogeneous distribution
of nanopatterned micro-flakes of Ni (0) and Al/Ni mixed oxides, with a high specific surface area (177m?g™"). The high
surface area and the expected properties of this new material make it an interesting candidate for heterogeneous catalysis of
high-temperature gas reactions, such as dry reforming, a noteworthy process that produces syngas from the two greenhouse
gases CO, and CH,. DRM applicability is limited by high temperatures required to obtain acceptable conversion and by solid
carbon deposition on catalyst, both leading to its deactivation over time; so, it is important to develop new catalysts able to
overcome those problems. For these purposes, some preliminary tests on the obtained material were performed confirming
its catalytic behavior for the DRM, especially at temperatures > 800 K.
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Introduction

LDHs are an interesting class of bidimensional layered mate-
rials, characterized by a wide range of possible composi-
tion and a flexible structure, and their formula is reported
in Eq. (1):

M NI OH),| ™ (A2 ) - mH,0 (1
M?* is a divalent metal cation, N°* is a trivalent metal

cation, A"” is an n-charged anion, X is the molar ratio N/
(N+M) and m is a number from 1 to 4 [1].
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The structure of LDHs could be described as a staking of
brucite-like layers where part of the Mg>* ions are replaced
with a trivalent cation, leading to a positive charge on the
surface that is balanced by an interlayered anion.

The structure is a staking of different sheets of M?*/
M**(OH);, octahedra edge-sharing connected alternately to
a layer of anions and water molecules. The structure is sta-
bilized by hydrogen bonds between surface OH groups and
interlayered water molecules or anions [1, 2]. A schematic
representation of the LDH structure is shown in Fig. 1.

Furthermore, LDHs can be produced with a very wide
range of possible synthetic routes to obtain several differ-
ent micro-structures, from the amorphous bulk obtained by
coprecipitation to the very crystalline “flower-like” com-
pound obtained by hydrothermal method [3-5].

Thanks to their interesting properties, LDHs found appli-
cations in a bunch of different fields such as catalysis, pollut-
ant recovery, energy storage and everywhere a high exchange
capability (of both cations and anions) is required [6—10].
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Fig. 1 Schematic representation of the LDH general structure

Until now, in the field of metallic catalysts, all the LDHs
containing nickel were used as precursors to obtain a homo-
geneous distribution of the Ni atoms on a matrix [11, 12];
in particular, NiAl-LDHs seem to be very useful, due to
their strong interaction with Al,O5 [13, 14]. The proper-
ties of these LDH-derived materials make them suitable for
catalytic applications, e.g., the Dry Reforming of Methane
reaction (DRM).

DRM is an interesting process, as it allows the conversion
of two greenhouse gases, CO, and CH,, in syngas, a mixture
of H, and CO that finds several uses in energy production,
in the synthesis of important chemical products and liquid
fuels [15, 16]. However, its application at industrial-scale
is limited by two main factors: high temperature needed to
overcome the reaction endothermicity and reach high con-
versions (~ 1070 K) and the high cost of the best-performing
noble metals catalysts (Ir, Pt and Rh). The use of innovative
nickel catalysts for this reaction, active at low temperature
and whose prices are far lower than those of noble metals,
is thus actively being researched.

The main drawback of nickel for this reaction is repre-
sented by the deposition of solid carbon on the catalyst sur-
face as an amorphous layer, nanotubes or whiskers, leading
to a temporary or even permanent loss of activity [17].

Until now, in this field, the interlayer anion has played
only a structural role; in this work, it was decided to exploit
the anion properties to obtain a catalyst with a more micro-
structured shape and higher surface area instead. NiAl-LDH
was synthetized via the hydrolytic polymerization of metal-
citrate coordination compounds. This synthesis technique is
a modified solvothermal method but produces turbostratic
citrate-intercalated LDHs from the restacking of single-layer
LDH nanosheets [18, 19]. By heating citrate-intercalated
LDHs under anoxic condition, citrate anions decompose
into CO that reduces the LDH material into a homogeneous
mixture of metallic Ni and Ni/Al mixed oxides. Here, the
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temperature of pyrolysis plays a key role to obtain the proper
micro-structure; in fact, citrate anions must be completely
consumed, while the sintering of Ni flakes must be avoided,
since that implies a reduction in the catalyst’ surface area.
Hence, it is pivotal to have a deep understanding of the mate-
rial behavior under heating, discriminating the different pro-
cesses occurring at the different mass loss step.

Material and methods
Materials

Aluminum nitrate nonahydrate (AI(NO3)3 -9H,0), nickel

acetate tetrahydrate (Ni(CH,;CO, ), - 4H,0), trisodium cit-
rate dihydrate (Na;CqHsO; - 2H,0) and sodium hydroxide
(NaOH) used for the LDH synthesis were purchased by
VWR, Part of Avantor (Leuven, Belgium), with a 98.9%
purity. The used water was deionized with an ion exchange
unit (M3/M6 Chemical Biirger s.a.s, Genova, Italy), boiled
and gurgled with Ar to completely avoid the presence of
carbonates and CO, in the system.

Methods
Material synthesis

0.4 mmol of AI(NO;), - 9H,0 (150.0 mg) and 1.2 mmol

of Ni(CH;CO,), - 4H,0 (298.6 mg) are dissolved into
160 mL of deionized water into a 250mL flask. 1.6 mmol
of Na;CcH;50; - 2H,0 (470.6 mg) is dissolved into 4 mL of
water and then added to the previous solution. The flask is
heated to 353 °C for one hour. After heating, the system has
cooled down to room temperature, and then 30 mL of 0.1M
NaOH solution is added dropwise under vigorous stirring.
The whole flask content is transferred into a 250mL round
flask and heated to 363 K under reflux and argon atmosphere
for 72 h, and then the obtained LDH is collected by centrifu-
gation, at 7000 rpm for 10 min, washed twice with distilled
water and dried under vacuum overnight at 313 K.

A portion of the material obtained through this proce-
dure was then annealed at 803 K in a tubular furnace (Car-
bolite GHA 12/300) for 2 h. The chamber was kept under
argon flux for 30 min before starting the heating to eliminate
oxygen, and this condition was maintained throughout the
experiment.

Characterization
The characterization techniques used were, before and after

annealing, X-ray powder diffraction (PXRD), X-ray fluores-
cence (XRF), field emission scanning electron microscopy
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(FE-SEM) and transmission electron microscopy (TEM).
The NiAl-citrate LDH was also characterized through a dif-
ferential thermal analysis—thermogravimetry (DTA-TG),
and the specific surface and porosity of the annealed mate-
rial were investigated through N, physisorption at 77 K.

PXRD patterns were recorded using a powder diffractom-
eter (X’Pert MPD, Philips, Almelo, Netherland) equipped
with a Cu anticathode (K ;Cu=1.5406 A). The indexing of
the diffraction data was performed in comparison with the
literature for NiAl-citrate. All the other samples were elabo-
rated by full-profile Rietveld refinements, using the software
package WinPLOTR [20].

X-ray fluorescence (XRF) analyses were done using a M4
TORNADO micro-XRF Bruker.

DTA/TG analyses were realized with a Labsys Evo
1600—Setaram thermobalance. About 20 mg of sample was
placed in an open alumina crucible and heated from 303 to
1523 K, at 10 K min~', under both Ar and dry air atmos-
phere (60 mL min~").

For the transmission electron microscopy was used a
JEM 1011-100 kV TEM (W filament thermionic source)
by JEOL, and the sample was prepared via the drop-casting
of a 1:100 diluted LDH dispersions (approx. 0.001 g L™
in ethanol onto ultrathin C-on-holey C-coated Cu grids by
Ted Pella.

The FE-SEM analysis was done with a ZEISS SUPRA
40 V microscope, and the samples were analyzed by apply-
ing an acceleration voltage of 5 kV for 50 s. To further inves-
tigate the morphology and porous structure of the material
obtained, N, physisorption at 77 K was performed with a
Micrometrics ASAP 2020 MP. The application of BET model
allowed to calculate the total surface area of the material.

For the catalytic test, 0.0145 g of catalyst diluted with
0.2519 g of silica sand was used to produce a fixed bed
reactor (FBR) in a quartz tube (internal diameter 6 mm;
length 0.5 cm) that was put in a laboratory-scale pilot
plant where the flow of reactants mixture made of N,,
CO, and CH, could be controlled through three mass
flows (Bronkhorst EL-FLOW Select), and the products
stream could be measured with a bubble flowmeter and
an Agilent 7820A gas-chromatograph with TCD detector.
Before the activity test, the catalyst was reduced in situ
in a stream of 15 mL min~! of pure hydrogen at 673 K
for 30 min. The catalytic evaluation was conducted with
125 mL min~! of a reactant mixture with a 2:2:1 ratio
of N,:CO,:CH, in a temperature range between 673 and
873 K. The CH,/CO, feed ratio of 0.5, lower than stoi-
chiometric value (1), was chosen as it should make the
system less prone to carbon deposition phenomena [21].

The percentage concentration of the product i, Ci%, was
evaluated through the response factor of TCD (Eq. 2).

Ci% = )

where Area, is the chromatographic area of the product i, and
F,; is the instrument response factor for each gas.

The molar chromatographic flow, CMP, is calculated
from Eq. (3).

Qv if(%)
1000 3)

CMPi [mol min_l] = RT

where Q. i, 1S the volumetric flow entering reactor
[mL min_l], C% is the percentual concentration, R is the
universal gas constant [L mol~! K~'] and T is the absolute
temperature [K].

Previous values allow to calculate CH, and CO, percent-
age conversion (Eqs. 4 and 5), H, percentage yield (Eq. 6)
and H,/CO ratio (Eq. 7).

CMPy; ., — CMP -100
CH, %conversion = ( . crion) 4)
CMPcy, i,

(CMPCOZin - CMPCOZOUt) * 100

CO,%conversion = 5)
2 CMPco,i
PH out PH out
H,%Yield = ———— - 100 = ————— - 100 (6
: CMPHzlheoriC out 2Cl\/IPCH41n ( )
H, CMPy, 7
CO = CMP,, 7

Thermodynamic equilibrium values of parameters listed
above (Eqs. 4-7), representing theoretical limit that could
be reached with an infinite residence time of reactants at a
definite temperature inside reactor, were calculated using a
software that performs Gibbs free energy minimization. For
the present study, it was considered a simplified reaction
environment made up only of the main species in gas phase:
CO,, CO, CH,, H,, H,0 and N,

Results and discussion
NiAl-citrate

Figure 2a shows the typical diffraction pattern of turbostratic
LDH materials, with “basal reflections” (00 1) at 26 <30°,
the “fin-like reflections” (Okl) and (hOl) between 30 and
55° and the (110) after 60° [22-24]. The calculated lattice
parameters are a=0.3019 nm and ¢ =3.669 nm.
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Fig.2 PXRD pattern a and TEM image b of NiAl-citrate LDH
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Fig.3 TG-DTA curve of NiAl-citrate in air (red) and Ar atmosphere
(black)

The value of d;, approximately represents the space
occupied by a NiAl octahedron and the interlayer region
(basal spacing) [1]. The calculated d values are d(003) NiAl-
citrate = 1.223 nm and the interlayer dimension calculated as
proposed by Conterosito et al. [25] is 0.743 nm.

The TEM image of the compound (Fig. 2b) reveals an
almost single-layer plates constitution, and each plate is
approximately 200 nm large and 1-2 nm high as reported
by Piccinni et al. [18].

The TG-DTA curve (Fig. 3) in air shows an initial
mass loss (13%), from 303 to 593 K, connected with a
broad endothermic peak, attributable, as well-known in
the literature, to the removal of structural water and not
neglectable carbonate impurities [5, 26]; by increasing the
temperature, different exothermic processes occur, related
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to the combustion of the citrate and the conversion of the
LDH into oxide (total mass loss: 39%). After the ther-
mal treatment, the material results in a green fine powder,
for which PXRD analysis (Fig. 4a) shows the diffraction
peaks are well defined and related to the cubic NiO and
the spinel-like Al,NiO,, in agreement with the literature
for other LDHs [26, 27].

Starting from these results and the X-ray fluorescence
(XRF) data (SI 1), it is possible to attribute the right amount
of crystal water at the LDH formula (Eq. 8).

0.07

As the TGA under inert atmosphere (Ar) (Fig. 3), the first
mass loss (13%) is connected to a broad endothermic peak,
and it is, as in the previous sample, due to the dehydration
of the LDH.

By carrying on the heating, other two important mass
losses occur; the first one between 593 and 703 K leads to a
38% mass loss and is characterized by an endothermic peak,
attributable to the conversion of the LDH into oxide and to
some rearrangements of the citrate anion. The second, from
703 to 803 K, causes a 55% total mass loss and is connected
to an endothermic peak, attributable to the pyrolysis of the
citrate with the formation of CO and a subsequent reduction
of the metal oxides.

The PXRD analysis of the materials after TGA (Fig. 4b)
shows the presence of a main phase recognizable as metallic
Ni and e two minority ones attributable to NiO and AL, NiO,.

To confirm the hypothesized reactivity under heating, the
TG analysis in Ar atmosphere was repeated, in the same
condition, stopping the heating at the end of each mass loss



A thermal study on NiAl-citrate LDH as catalyst precursor for dry reforming reaction

Air = — Experimental
800 - — Calculated
A ——— Difference (Rietveld)
X2:2.6
. 600 - A
S
o
=
2 400 -
[0} A
E \ } A A
200 4 A et V LL..JUM\-«
[ b lAv_ ..kA.... prrree o
by 1 L) ¥
Jl T ] T T T T
68 30 40 50 60 70 80 90 100
20/°
(a)

1600 4 Aratmosphere — Experimental
» Calculated
1400 — Difference (Rietveld)
1200 X2:2.2
]
S 1000 -~
2
g 800
g *
S 600 -
400
A A * *
A
200 J f
\ J \ A | A h *
0 it 1
,ll T ] T 1 T T
68 30 40 50 60 70 80 90 100
20/°
(b)
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and quickly cooling down the samples (30 K min~!). The
so obtained compounds were then characterized by PXRD.

As shown in Fig. 5, the material, immediately after the
first endothermal reaction (593 K), shows an amorphous
structure, very similar to the pristine LDH, derived from
the dehydration and the subsequent distortion of the original
structure. After the second step, the material seems to be a
mixture of low-crystalline cubic structure oxides (mainly
NiO), while at 803 K, the main diffraction peak at 43° dis-
appears and is substituted by two new signals at 44.5 and

55.5° pertaining to metallic Ni. Nickel oxide is still present
as demonstrated by the peak at 39° and the left shoulder of
the main peak.

NiAl-pyrolyzed
According to the characterization results, a portion of
the pristine NiAl-citrate was pyrolyzed at 803 K (imme-

diately after the last endothermic peak); the FE-SEM
image (Fig. 6a) shows the nanopatterning of the pyrolyzed
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Fig.6 FE-SEM photograph of NiAl-pyrolyzed a and its adsorption (dark blue) and desorption (light blue) isotherms at 77 K b

material, and the dimension and shape of the particles are
not homogeneous (as expected from an explosive reaction),
but it is clear that the material is made up of flakes. Adsorp-
tion and desorption isotherms for the material are shown
in Fig. 6b, and the shape of isotherms resembles a type I in
the TUPAC classification. The presence of a little H4 hys-
teresis loop indicates that the catalyst has a mesoporosity
(2-50 nm) shifted toward low values [28]. The micro-porous
shape of the isotherm can be explained by considering the
flake structure of the catalyst. The estimated surface area
of the material was calculated with a BET model, giving a
value of 177 m?g~". This value is higher than that obtained

by similar catalysts produced from other LDHs where the

anions play only a structural role (~ 100-140m?g~") and is
even comparable with NiAl,O, obtained via combustion
synthesis (~ 180 m?g™") [12, 29, 30].

Some preliminary catalytic tests had been performed,
on the pyrolyzed sample, which demonstrated that the
material is active for DRM reaction, as proved by the CH,
mass% conversion, shown in Fig. 7a as a function of reac-
tion temperature. The trend in Fig. 7a reveals that conver-
sion percentage starts almost at zero % up to 823 K and
then it starts to increase with temperature up to around 15
mass%. In all the temperature range, the experimental val-
ues remain below theoretical thermodynamic equilibrium
ones. The yield of the most interesting product, hydrogen,
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Fig.7 CH,% conversion values as a function of reaction temperature
a. H,% yield as a function of reaction temperature b. H,/CO ratio in
the product stream as a function of reaction temperature c. In blue
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are the displayed experimental values, and in green are the calculated
equilibrium ones
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has also been calculated, and it is shown in Fig. 7b below.
Hydrogen yield seems to increase rapidly with temperature
reaching 8% at 880 K. Since the process aim is mainly the
production of syngas, the evaluation of the H,/CO ratio
of the gas obtained in this case has been carried out. Fig-
ure 7c gives information about the quality of the product
and the selectivity of the process, and the values are lower
than calculated thermodynamic equilibrium ones. Sec-
ondary reactions are taking place and contributing to the
decrease in H,/CO ratio, but the catalyst tends to increase
its selectivity toward hydrogen at higher temperatures. The
occurrence of the reverse water gas shift reaction prob-
ably affects the H,/CO ratio at the lower temperatures, and
probably the catalyst is poorly active toward the methane
decomposition which is an endothermic reaction that con-
tributes more to carbon deposition.

Conclusions

In this work, the applicability of the “hydrolytic polymeri-
zation” was confirmed also for a different LDH than the e
FeNi-citrate reported in the literature [18]. Furthermore,
the thermal behavior of NiAl-citrate LDH was deeply
investigated discriminating the transformation occurring at
each mass loss step, confirming the hypothesis of the role
of the citrate as CO generator and its subsequent behavior
as reductant for Ni (II) and determining the correct pyroly-
sis temperature to consume all the citrate and maximize
the surface area of the resulting material.

The physisorption measurements showed that the pyro-
lyzed NiAl-citrate has a quite large BET specific surface
area of about 177 m?g~! and a very specific isotherm of
type I, which is related to the flake structure proved by
electron microscopy. This area is higher than the one
obtained with similar synthetic paths, like the wet impreg-
nation, and is reasonably comparable to the one achievable
through much complicated and expensive route like the
combustion method.

Finally, it was also demonstrated that the obtained
material is active for the DRM reaction, in the preliminary
tests, and exhibits a H, yield which increased by increas-
ing the temperature. The H,/CO ratio values are lower than
maximum equilibrium ones, but the difference becomes
lower at higher temperatures (880 K). Therefore, while the
catalyst is still promoting side reactions, it tends to become
more selective at higher temperatures.
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